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Abstract 

To explore mechanisms underlying triglyceride (TG) ac- 
cumulation in livers of chow-fed apo E^eftcient mice 
(Kuipers, F., J.M. van Ree, M.H. Hofker, H. Wolters, G. In't 
Veld, R J. Vonk, H.M.G. Princen, and L.M. Havekes. 1996. 
Hepatology, 24:241-247), we investigated the effects of apo 
E deficiency on secretion of VLDL-associated TG (a) in vivo 
in mice, (b) in isolated perfused mouse livers, and (c) in cul- 
tured mouse hepatocytes. (a) Hepatic VLDL-TG production 
rate in vivo, determined after Triton WR1339 injection, was 
reduced by 46% in apo E-deficient mice compared with 
controls. To eliminate the possibility that impaired VLDL 
secretion is caused by aspecific changes in hepatic function 
due to hypercholesterolemia, VLDL-TG production rates 
were also measured in apo E^eficient mice after transplan- 
tation of wild-type mouse bone marrow. Bone marrow- 
transplanted apo E^eficient mice, which do not express 
apo E in hepatocytes, showed normalized plasma choles- 
terol levels, but VLDL-TG production was reduced by 59%. 
(b) VLDL-TG production by isolated perfused livers from 
apo E-deficient mice was 50% lower than production by liv- 
ers from control mice. Lipid composition of nascent VLDL 
particles isolated from the perfusate was similar for both 
groups, (c) Mass VLDL-TG secretion by cultured apo E-defi- 
cient hepatocytes was reduced by 23% compared with control 
values in serum-free medium, and by 61% in the presence of 
oleate in medium (0.75 mM) to stimulate lipogenesis. Elec- 
tron microscopic evaluation revealed a smaller average size 
for VLDL particles produced by apo E-deficient cells com- 
pared with control cells in the presence of oleate (38 and 49 
run, respectively). In short-term labeling studies, apo Er-defi- 
cient and control cells showed a similar time-dependent ac- 
cumulation of [^H]TG formed from [^HJglycerol, yet secre- 



Part of this work has been presented at the 69th Scientific Sessions of 
the American Heart Association in New Orleans, LA in November 
1996, and in abstract form (1996. Circulation 94:1-519). 

Address correspondence to Dr. F. Kuipers, Groningen Institute 
for Drug Studies, Department of Pediatrics, Academic Hospital Gron- 
ingen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands. Phone: 
31-50-363-2669; FAX: 31-50-361-1746; E-mail: f. kuipers@med.rug.nl 

Received for publication 16 June 1997 and accepted in revised 
form 1 October 1997. 



J. Clin. Invest. 

© The American Society for Clinical Investigation, Inc. 

0021-9738/97/12/2915/08 $2.00 

Volume 100, Number 11, December 1997, 2915-2922 

http://www.jci.org 



tion of newly synthesized VLDL-associated [^H]TG by apo 
E-deficient cells was reduced by 60 and 73% in the absence 
and presence of oleate, respectively. We conclude that apo 
E, in addition to its role in lipoprotein clearance, has a phys- 
iological function in the VLDL assembly-secretion cascade. 
(J. Clin, Invest 1997. 100:2915-2922.) Key words: transgenic 
mice • lipoproteins • liver • cholesterol • apolipoprotein B 

Introduction 

Apolipoprotein E (apo E) is an important protein constituent 
of triglyceride (TG)^-rich chylomicrons and VLDL. apo E 
functions as a ligand in the receptor-mediated uptake of these 
lipoproteins by the liver (1) and may modulate their lipopro- 
tein lipase-mediated processing (2, 3). It has also been sug- 
gested that apo E plays a role in the secretion-recapture pro- 
cess (4, 5). In this process, internalization of circulating 
lipoproteins is facilitated through binding of the particles to 
heparan sulfate proteoglycans and subsequent enrichment 
with apo E in the hepatic sinusoidal space of Disse. Further- 
more, recent in vitro studies have indicated that apo E may 
serve a function in intracellular metabolism and distribution of 
endocytosed lipids in macrophages and hepatoma cells (6, 7). 

The generation of apo E-deficient mice has established di- 
rectly the importance of apo E in control of plasma cholesterol 
levels (8, 9). apo E-deficient mice show markedly elevated 
plasma cholesterol levels when fed a normal chow diet, due to 
accumulation of VLDL/LDL-sized particles in their circu- 
lation (10-12). These particles contain predominantly apo 
B48 and are relatively enriched in cholesterol and cholesterol 
ester and depleted in TG (10-12). As recently reviewed by 
Plump and Breslow (8), these particles are mainly renmants of 
intestinal chylomicrons. 

Data in the literature suggest that apo E may also have a 
function in the assembly and/or secretion of VLDL by the 
liver. Studies by Strobl et al. (13) showed that stimulation of 
hepatic VLDL production in rats by feeding them sucrose-rich 
diets enhances apo E synthesis and secretion by promoting 
transcription of the apo E gene. Hamilton et al. (14) demon- 
strated that apo E is present in nascent VLDL particles within 
putatively forming Golgi secretory vesicles of rat hepatocytes. 
Studies by Fazio et al. (15) showed that most of the apo E se- 
creted by human hepatoma cells (HepG2) becomes associated 
with large TG-containing lipoproteins when lipogenesis and 
TG secretion are stimulated, whereas the total amoimt of apo 
E synthesized and secreted is not affected. More recently. 



1. Abbreviations used in this paper: LDH, lactate dehydrogenase; 
LFC, low fat/low cholesterol; TG, triglyceride. 
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Fazio and Yao (16) reported that the association between apo 
E and TG-rich lipoproteins in HepG2 and rat hepatoma cells 
(McA-RH7777) takes place intracellularly rather than extra- 
cellularly, after their secretion into the medium. Finally, recent 
studies by our group demonstrated that apo E-deficient mice 
accumulate large amounts of TO in their livers (17). There- 
fore, altogether, scattered evidence is available to suggest that 
apo E has a function in VLDL assembly and/or secretion. 

In this paper, we investigated the effects of apo E defi- 
ciency on VLDL-TG synthesis and secretion in vivo as well as 
in vitro, using apo E-deficient mice, perfused apo E-deficient 
mouse hvers, and isolated apo E-deficient hepatocytes. These 
studies demonstrate unequivocally that VLDL-TG production 
is severely impaired in the absence of apo E, whereas TG syn- 
thesis in apo E-deficient hepatocytes is not affected. In addi- 
tion, impaired VLDL-TG production is also observed in apo 
E-deficient mice in which plasma cholesterol levels have been 
normaUzed by transplantation of wild-type bone marrow. 
These data lead us to conclude that apo E has a modulating 
role in the VLDL secretion cascade, representing a novel 
physiological function of this ubiquitous apolipoprotein. 

Methods 

Animals, apo E-deficient mice were generated as described previ- 
ously (12). apo E-deficient and control (C57BL/6J) mice were 
housed in a light- and temperature-controlled environment and had 
free access to water and food. 

To induce bone marrow aplasia, apo E-defident and control mice 
(age 5-6 wk) were exposed to a single dose of 13 Gy (0.28 Gy/min, 
200 kV, 4 mA) x-ray total body irradiation using an Andrex Smart 
225 (Andrex Radiation Products A/S, Copenhagen, Denmark) with a 
4-mm aluminum filter, 1 d before transplantation. Bone mjurow cell 
suspensions were isolated by flushing the femurs and tibias from con- 
trol mice with PBS. Single-cell suspensions were prepared by passing 
the cells through a 30-|xm nylon gauze. Irradiated apo E-deficient 
and control recipients received 1.5 x 10' bone marrow cells by intra- 
venous injection into the tail vein. Mice used for bone marrow trans- 
plantation experiments were housed in sterilized filter-top cages and 
fed sterilized chow (SRM-A; Hope Farms BV, Woerden, The Neth- 
erlands) containing 5.7% fat (wt/wt). Drinking water was supplied 
with antibiotics (83 mg/liter ciprofloxacin and 67 mg/liter polymyxin 
B sulphate) and 6.5 g/liter glucose. 

For liver perfusion studies, female apo E-deficient and control 
mice were used that were fed a low fat/low cholesterol (LFC) semi- 
synthetic diet, composed essentially according to Nishina et al. (18) 
(Hope Farms BV). The LFC diet contained 50.5% sucrose, 12.2% 
com starch, 5% com oil, and 5% cellulose, by weight, and was fed to 
the mice for a period of 3 wk. 

Male apo E-deficient and control mice were used for cell isola- 
tions. These mice were fed a normal chow diet (RMH-B; Hope Farms 
BV) containing 6.2% fat and 0.01% cholesterol by weight. 

Experimental protocols were approved by the Ethics Committee 
for Animal Experiments of the University of Groningen. 

Serum lipid and lipoprotein analysis. Levels of total plasma cho- 
lesterol and TG were measured, with or without free glycerol, using 
commercially available enzymatic kits (236691 and 701904; Boeh- 
ringer Mannheim GmbH, Maimheim, Germany, and 337-B; Sigma 
Chemical Co., St. Louis, MO, respectively). The phospholipid con- 
tent of nascent VLDL particles secreted from the perfused mouse 
liver was determined using an analytical kit (Wako Chemicals 
GmbH., Neuss, Germany). Total cholesterol and free cholesterol 
contents in nascent VLDL fractions were measured fluorometrically 
(excitation: 325 nm; emission: 415 nm) in a phosphate buffer (pH = 
7.4) using cholesterol oxidase and peroxidase (Boehringer Mannheim 



GmbH), 0.5% Triton X-100 (Merck, Darmstadt, Germany), 20 mM 
cholic acid, and 4 mg/dl para-hydroxy-phenyl-acetic acid (Sigma 
Chemical Co.). Before measurements, total cholesterol was extracted 
using KOH/ethanol/hexane, and free cholesterol using ethanol/hex- 
ane. Esterified cholesterol was calculated as the difference between 
total and unesterified cholesterol. 

Protein concentrations in VLDL fractions were measured accord- 
ing to Lowry et al. (19) using BSA (Sigma Chemical Co.) as standard. 

In vivo hepatic VLDL-TG production using Triton WR1339. Un- 
treated and bone marrow-transplanted mice were injected intrave- 
nously with 500 mg of Triton WR1339 (Sigma Chemical Co.) per kg 
body wt as a 15-g/dl solution in 0.9% NaCl after an overnight fast. 
Previous studies have shown that plasma VLDL clearance is virtually 
completely inhibited under these conditions (20). Blood samples 
(50 1x1) were taken at 0, 1, 2, 3, and 4 h after Triton WR1339 injection, 
and plasma TG was measured enzymatically as described above. 
Plasma TG concentrations were related to the body mass of the ani- 
mals, and the hepatic TG production rate was calculated from the 
slope of the curve and expressed as micromoles per hour per kilo- 
gram body weight. 

Liver perfusion experiments. Experiments were always begun be- 
tween 10 and 11 a.m. Fed mice were anesthetized by intraperitoneal 
injection of 0.5 ml/kg Hypnorm (Janssen-Cilag Pharmaceutica BV, 
Tilburg, The Netheriands) and 12.5 mg/kg midazolam (Roche Neth- 
eriands BV, Mijdrecht, The Netheriands). After cannulation of the 
portal vein with an Abbocath-T cannula (26 G x 19 mm; Abbott 
Laboratories, Kent, UK), livers were isolated and perfused (1.5 ml/ 
min) in a recycling fashion. The liver and the perfusate were main- 
tained at 37°C throughout the experiment. The recirculating perfu- 
sate (20-30 ml) was an RPMI buffer (RPMI 1640 medium; ICN Bio- 
medicals, Inc., Costa Mesa, CA), pH 7.5, containing 1 mM vitamin C, 
5 mM glutathione, and 2.5% (wt/wt) BSA. Oleate was added as a 
BSA-complex to the perfusate to reach a concentration of 1 mM in all 
experiments. The perfusate was gassed with 95% 03/5% CO2. All the 
perfused livers were functionally viable by gross appearance after a 3-h 
perfusion period. At termination of the experiment, livers were per- 
fused with blue dye (Polysciences Inc., Warington, PA) to assess 
grade of perfusion, cleansed of all extrahepatic nonperfused tissue, 
and weighed. 

Before isolation of nascent VLDL, the 20-30 ml of perfusate was 
concentrated to 10 ml (Centriprep 30; Amicon, Inc., Danvers, MA), 
Nascent VLDL fractions (d < 1.006 g/ml) were isolated by ultracen- 
trifugation at 40,000 rpm in a swingout rotor (model SW-40; Beck- 
man Instruments International S.A., Geneva, Switzerland) for 18 h at 
5*'C. Each VLDL sample was dialyzed extensively against PBS over- 
night at 4°C. The lipid composition of the nascent VLDL particles 
was analyzed as described above. 

Preparation and culture of mouse hepatocytes. Hepatocytes were 
isolated from mouse hvers as described previously by Klaunig et al. 
(21). Briefly, the portal vein was cannulated with a 22-gauge plastic 
cannula. First, the liver was perfused with caldum-free HBSS con- 
taining glucose (10 mM) and Hepes (10 mM), pregassed with 95% 
02/5% CO2, and adjusted to pH 7.42, at a flow rate of 4 ml/min. Sub- 
sequently, the liver was perfused with a collagenase solution (20 mg 
collagenase [Sigma Chemical Co.]/200 ml calcium^ontaining [5 mM] 
HBSS) for 10-15 min until swelling of the liver was observed. 
Hepatocytes were then gently released from the surrounding capsule. 
Isolated hepatocytes were washed three times with Williams' E me- 
dium (life Technologies Ltd., Paisley, UK) containing 5% (wt/wt) 
BSA. Hepatocytes were isolated with similar yields from livers of 
control and apo E--deficient mice, with average values of 6 x 10^ 
cells/liver. The viability of hepatocytes was assessed by trypan blue 
(final concentration 0.2%) exclusion immediately after isolation, and 
varied between 65 and 80% of the total amount of cells isolated. No 
differences were observed in this respect between cells isolated from 
apo E-deficient and control mice. Cells were plated in 35-mm 6-well 
plastic dishes (Costar Corp., Cambridge, MA), precoated with col- 
lagen (Serva Feinbiochemica, Heidelberg, Germany), at a density of 
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1.0 X lO** viable cells/well in 2 ml culture medium. After a 2-h adher- 
ence period, nonviable cells were removed from the cultures by care- 
ful washing. The culture medium consisted of Williams' E medium 
supplemented with 10% FCS (Bio Withaker, Verviers, Belgium), 100 
|xg/ml of penicillin and streptomycin (Life Technologies Ltd.), 4 mU/ 
ml insulin, and 0.02 jxg/ml dexamethasone (both from Novo Nordisk 
Pharma BV, Amsterdam, The Netherlands) as described previously 
by Princen et al. (22). Cells were incubated at 37°C in an atmosphere 
of 95% air/5% CO2 and rapidly formed monolayers. 

The total synthesis and secretion of proteins by cultured hepato- 
cytes was determined by PH]leucine incorporation into TCA-precipi- 
table proteins. For this purpose, PHJleucine (2 |xCi/mI per well; Am- 
ersham International, Little Chalfont, UK) was added to the medium 
3 h before termination of cell incubation. Both the protein synthesis 
and the secretion of newly synthesized protein were similar in over- 
night cultured hepatocytes isolated from apo E-deficient and control 
mice. 

Lactate dehydrogenase (LDH) activity in media and cells was de- 
termined as reported previously (23). No differences were observed 
in LDH leakage from hepatocytes isolated from apo E-deficient or 
control mice. In all cases, > 95% of the LDH activity was found intra- 
cellularly. 

Experimental protocols for cultured hepatocytes. After an over- 
night culture, FCS-containing medium was removed from the wells, 
and cells were washed twice with FCS/hormone-free medium. Cells 
were incubated subsequently with FCS/hormone-free medium (1 ml/ 
well, pH 7.4) containing 0.25 mM BSA only, or BSA-oIeate complex 
(0.75 mM oleate/0.25 mM BSA) at 3rC for either 4 or 24 h. In all ex- 
periments, oleate was used to stimulate hepatocytic lipogenesis. Me- 
dium containing BSA-oIeate complexes was freshly prepared on the 
day of each experiment. 

To determine the glycerolipid synthesis and secretion rates, 
PH]glycerol (4.4 ixCi, 25 |ulM final concentration; Amersham Interna- 
tional) or PH]oleate (2 ixCi, in 10 fil ethanol; Amersham Interna- 
tional) was added to each well according to different experimental 
protocols (see figure citations in Results). All incubations were per- 
formed in triplicate and terminated by placing the culture plates on 
ice. Media were collected and centrifuged at 10,000 rpm for 2 min to 
remove suspended cells. Cells were washed three times with cold PBS 
and harvested using a rubber policeman in 2 ml PBS. Samples were 
frozen at -20°C before analysis. 

Cholesterol synthesis by cultured cells was estimated by measur- 
ing [^*C]acetate (Amersham International) incorporation into sterols. 
Previous studies have indicated that this method yields relative values 
for cellular lipid synthesis similar to those obtained with pH]water in 
cultured hepatocytes (24). 

Assessment of cellular and VLDL lipid content. Nascent VLDL 
particles {d < 1.006 g/ml) were isolated from the medium by ultracen- 
trifugation at 41,000 rpm in a TST 41.14 rotor (Kontron Instruments, 
Milan, Italy) for 24 h at 4°C. The radiolabeled lipids from VLDL and 
cells were extracted with chloroform/methanol (1:2, vol/vol). Before 
lipid extractions, cells were first thawed and resuspended by passing 
through 26 G (0.45 X 25 mm) needles five times. Radiolabeled cellu- 
lar TG, free cholesterol, cholesterol ester, and phospholipids were 
separated by TLC on silica gel 60 plates (Merck) with hexane/diethyl- 
ether/acetic add (80:20:1, vol/vol/vol) as resolving solution. Before 
TLC analysis, tripahnitin (Sigma Chemical Co.) in chloroform was 
added to each sample as a carrier for TG determination. After iodine 
staining of the silica gel plates, the spots containing the lipids of inter- 
est were scraped into vials and assayed for radioactivity by scintilla- 
tion coimting. 

In another set of experiments, TG content of VLDL and cells was 
measured using a commercially available kit from Boehringer Mann- 
heim GmbH as described above. Free cholesterol and cholesterol 
ester contents were determined according to the methods developed 
by Gamble et al. (25). Phospholipids were determined by measuring 
the phosphorus content of lipid extracts after perchloric add treat- 
ment (26). 



Electron microscopy. VLDL fractions were prepared for electron 
microscopy analysis within 1 h after their isolation by ultracentrifuga- 
tion. The particles were allowed to adhere to hydrophilic carbon films 
and were immersed in 2% potassium phosphotungstate (pH 7.4) as a 
negative stain. Electron micrographs were obtained in a transmission 
electron microscope (model EM208; PhiHps Electron Optics, Eind- 
hoven, The Netheriands). Size distribution of VLDL particles was de- 
termined using Quantimet 520+ software (Leica Cambridge Ltd., 
Cambridge, UK). 

Western blotting of apo B. VLDL particles were isolated from 
the media by ultracentrifugation as described above and adsorbed to 
hydrated colloidal fumed silica (Cab-O-Sil, partide size 0.011 fim; 
Sigma Chemical Co.) as reported previously (27). The VLDL apo B 
and apo E contents were analyzed by immunoblotting as described by 
Un et al. (28) using rabbit anti-rat apo B serum showing cross-reac- 
tivity with murine apo B (a kind gift of Roger A. Davis, San Diego 
State University, San Diego, CA) and rabbit anti-mouse apo E serum 
(kindly provided by Pieter H.E. Groot, SmithKUne Beecham Phar- 
maceuticals, The Frythe, Welwyn, UK). 

Results 

In vivo VLDL- TG production rate in apo IE-deficient mice: effect 
of bone marrow transplantation. The effect of apo E defi- 
dency on the in vivo VLDL-TG production rate was deter- 
mined by injecting apo E-defident and control mice with Triton 
WR1339. Table I shows that the hepatic TG production rate 
was reduced in apo E-deficient mice compared with controls 
(61.1±3.6 vs. 112.6±19.4 jxmol TG/h/kg, respectively). To ver- 
ify whether this effect is attributable to the lack of apo E 
within the hepatocytes, and not to aspecific changes in liver 
function due to the hypercholesterolemia associated with apo 
E deficiency, wild-type mouse bone marrow cells expressing 
apo E were transplanted into apo E-deficient mice. In these 
mice, bone marrow-derived macrophages are the only sotu*ces 
of apo E, i.e., there is no expression of apo E in hepatocytes. 



Table L Plasma Lipid Levels and In Vivo VLDL-TG 
Production Rates in apo E-deficient and Control Mice: Effects 
of Bone Marrow Transplantation 



Mice 


n 


TC 


TG 


PR 






mmoUliter 


mmoUliter 


fimol TG/h/kg 


Control 


3 


1.8±0.2 


2.8±0.2 


112.6±19.4 


apo E-deficient 


3 


18.1±1.4* 


3.7±0.6 


61.1 ±3.6* 


Control Tx 


3 


1.5±0.2 


2.9i0.3 


109.8±23.3 


apo E-deficient Tx 


3 


2.5±0.7 


3.0±0.1 


45.2±14.2* 



Total cholesterol {TQ and TG levels were measured in the plasma of 
fasted apo E-deficient and control (C57BL/6J) mice using enzymatic 
kits (236691 and 701904, respectively; Boehringer Mannheim). Irradi- 
ated apo E-deficient and control mice were given transplants {Tx) of 
wild-type bone marrow cells as described in Methods. Hepatic VLDL-TG 
production rate {PR) was measured by injecting mice with Triton 
WR1339 (500 mg/kg). For the transplanted mice, Triton WR1339 was 
injected 16-20 wk after bone marrow transplantation. Plasma TG levels 
were determined before injection (0 min) and at 30, 60, 120, 180, and 
240 min after Triton injection. Hepatic VLDL-TG production rate was 
calculated from the slope of the curve. *P < 0.05, indicating significant 
differences between untreated control and apo E-defident mice, or be- 
tween transplanted control and apo E-deficient mice, using Student's t 
test. 
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Bone marrow transplantation effectively reversed hypercho- 
lesterolemia in apo E-deficient mice (Table I), as reported 
previously by other groups (29, 30). Introduction of wild-type 
bone marrow into control mice had no effect on plasma lipid 
concentrations (Table I). In spite of normalized plasma lipid 
levels, VLDL-TG production rates remained inhibited in 
transplanted apo E-deficient mice compared with the trans- 
planted control mice (45.2±14.2 vs. 109.8±23.3 M-mol TG/h/kg, 
respectively) (Table I). These results indicate that the reduced 
hepatic TO production observed in apo E-deficient mice is re- 
lated to the absence of apo E in the liver. 

Secretion of nascent VLDL by isolated perfused mouse liv- 
ers. To investigate the effects of apo E deficiency on nascent 
VLDL-TG production by polarized hepatocytes in their physi- 
ological environment, we performed studies with isolated per- 
fused livers from apo E-defident and control mice. To stimulate 
VLDL-TG production (18), mice were fed the sucrose-con- 
taining LFC diet for a period of 3 wk before the liver perfusion 
experiments. 

VLDL-TG secretion by isolated perfused mouse livers was 
linear during a 3-h period of perfusion (data not shown), indi- 
cating that the hver remains functionally viable during this 
time period. VLDL-TG production by perfused livers from 
apo E-deficient mice was reduced by 50% compared with per- 
fused control livers (Table II). In addition, the nascent VLDL 
particles produced by apo E-deficient livers had a lipid com- 
position similar to nascent VLDL secreted by control livers 
(Table II). 

Characteristics of nascent VLDL particles produced by 
mouse hepatocytes in primary culture. The TG and cholesterol 
contents of apo E-deficient cells cultured for 24 h in the ab- 
sence of oleate (0.75 mM) were elevated significantly com- 
pared with control cells, whereas no differences in cholesterol 
ester and phospholipid content were found (Table III). The 
presence of oleate in the incubation medium resulted in a 
marked TG accumulation in both apo E-deficient and control 
cells compared with oleate-free conditions (Table III). 

The secretion of nascent VLDL by cultured hepatocytes 
was quantitated through lipid content analysis of the < 1.006 
g/ml fractions obtained by density gradient ultracentrifugation 



Table II VLDL-TG Production Rate and Relative Lipid 
Composition of Nascent VLDL Secreted by Perfused Livers 
from apo E-deficient and Control Mice 



Nascent VLDL 


VLDL-TG 
production 


TG 


FC CE 


PL 




TG/g Uver 




% of total lipid (by wt} 




Control 


317±46 


80±4 


2±1 5±1 


13 ±4 


apo E-deficient 


158±23* 


75 ±6 


2±1 9±5 


17±5 



Livers of female apo E-defident and control (CS7BL/6J) mice fed a su- 
crose-based semisynthetic (LFC) diet for 3 wk were perfused in a recir- 
culating fashion as described in Methods. After 3 h of liver perfusion, 
perfusates were collected, and nascent VLDL was isolated by ultracen- 
trifugation and analyzed for its lipid composition. TG, free cholesterol 
{FQ, cholesterol ester (C£), and phospholipid (PL) contents of nascent 
VLDL particles were determined as described in Methods. Values are 
given as mean±SD of four individual liver perfusion experiments per 
group. *P< 0.05, indicating a significant difference between apo E-defi- 
cient and control perfused liver preparations, using Student's t test. 



Table III. Cellular Lipid Content of apo E-deficient and 
Control Mouse Hepatocytes in Primary Culture 







TG 


FC CE 


PL 








nmol/mg protein 




No oleate 


Control 


81 ±9 


34±3 4±1 


206±25 




apo E-deficient 


142±50* 


58±8* 5±1 


251 ±44 


With oleate 


Control 


277±79* 


39±6 6±2 


255±52 




apo E-deficient 


304±71* 


51±4* 9±2 


286±46 



Cells were cultured for 24 h in the absence or presence of oleate (0.75 
mM) and were subsequently washed and harvested for lipid analysis. 
Cellular TG, free cholesterol (FC), cholesterol ester (CE), and phos- 
pholipid {PL) contents were measured as described in Methods. Val- 
ues are expressed as mean±SD of four individual hepatocyte prepara- 
tions per group. *P < 0.05, indicating a significant difference between 
apo E-deficient and control preparations under the same culture condi- 
tions. < 0.05, indicating a significant difference between hepatocyte 
preparations in the absence or presence of oleate, using Student's t test. 



of media collected after 24 h of incubation. As shown in Fig. 1 
{leflX apo E-deficient cells produce slightly but significantly 
less VLDL-TG compared with control cells in the absence of 
oleate (77% of control values). The total mass lipid secretion 
by control cells was stimulated in the presence of oleate (com- 
pare left and right panels in Fig. 1). In contrast, VLDL-TG pro- 
duction by apo E-deficient cells was strongly reduced in the 
presence of oleate (39% of control values) (Fig. 1, right). Fur- 
thermore, the relative lipid composition of VLDL secreted by 
apo E-deficient and control cells appeared to be similar under 
all conditions (Fig. 1). 

Western blot analysis revealed that apo B48 is the major 
form of apo B secreted by control and apo E-deficient mouse 
hepatocytes, which is consistent with the high level of apo B 
mRNA editing activity in mouse liver (31) (results not shown). 
As expected, apo E could be detected in VLDL particles pro- 
duced by control cells but not in those from apo E-deficient 
cells (data not shown). 

The size of the particles isolated from the < 1.006 g/ml 
fractions was determined by electron microscopy. As shown 
in Fig. 2 (left), no differences in size were found between apo 
E-deficient and control particles when cells were cultured un- 
der oleate-free conditions (41.8+0.7 vs. 43.8±2.0 nm, respec- 
tively). In contrast, when cells were cultured in the presence of 
oleate, the average diameter of apo E-deficient VLDL parti- 
cles was smaller than that of control particles (38.3±3.3 nm vs. 
49.5±1.9 nm, respectively) (Fig. 2, right). The average size of 
VLDL particles formed in the presence of oleate was signifi- 
cantly larger for control cells compared with oleate-free condi- 
tions (compare left and right panels in Fig. 2). 

Since the size of apo E-deficient VLDL was smaller than 
control VLDL under oleate-stimulated conditions, it was in- 
vestigated whether these particles could be recovered in higher 
density fractions upon ultracentrifugation. Therefore, we per- 
formed cell incubation experiments in the presence of 0.75 
mM oleate and pH]glycerol to label the newly synthesized lip- 
ids. After 24 h of incubation, the medium was harvested, and 
VLDL was isolated by ultracentrifugation. Although the total 
amount of radiolabeled lipids secreted by apo E-deficient cells 
is decreased compared with control cells, most of the radioac- 



2918 Kuipersetal 




40 



TG CH CHE PL 



3a 



2D 



TG CH CHE PL 



tions. *P < 0.05, indicating significant 
terol ester. PL, phospholipid. 



Figure 1. VLDL-associated lipid secretion 
by apo E-deficient and control mouse 
hepatocytes. Cells were cultured for 24 h in 
the absence {left panel) or presence {right 
panel) of 0.75 mM oleate as described in 
Methods. Lipoproteins were isolated from 
the < 1,006 g/ml fraction after density gra- 
dient ultracentrifugation of medium sam- 
ples, and lipid composition was analyzed, 
as described in Methods. Values are ex- 
pressed as mean±SD of four independent 
experiments in each group. *P < 0.05, indi- 
cating significant differences between apo 
E-deficient {black bars) and control cells 
{white bars) under the same culture condi- 



yrvf titc uun; uiiucr mc same culture conoi- 
ditferences between absence and presence of oleate, using Student^s t test. CH, Cholesterol. CHE, Choles 



tivity is recovered from the < 1.006 g/ml fractions for both 
control and apo E-defident cells (Fig. 3). Thus, these results 
indicate that the decreased recovery of apo E-deficient VLDL 
in the < 1.006 g/ml fraction is due to an impaired VLDL secre- 
tion by apo E-deficient hepatocytes, rather than to a shift in 
the density of apo E-deficient particles. 

Secretion of newly synthesized TG by hepatocytes in pri- 
mary culture. To compare the cellular synthesis and secretion 
of newly formed lipids by control and apo E-defident cells, we 
performed incubation experiments with either PH]glyceroi or 
PH]oleate to label the newly synthesized TG. Fig. 4 shows 
a similar time-dependent cellular accumulation of pH]TG 
formed from radiolabeled glycerol in apo E-defident and 
wild-type cells, both in the absence (Fig. 4 A) and presence 
(Fig. 4 B) of oleate. Similar results were obtained in three ad- 
ditional independent experiments in which pH]TG production 
by apo E-defident and control cells was compared. On aver- 
age, the cellular pH]TG content was 30% (without oleate) and 
24% (with oleate) higher in apo E-^iefident than in control 
hepatocytes, after 3 h of incubation. However, these differ- 
ences were not statistically significant. In contrast, the pH]TG 
secretion by apo E-deficient cells was decreased significantly, 
by 60% in the absence (Fig. 4 Q and 73% in the presence of 
oleate (Fig. 4 D) compared with control cells. Similar results 
were obtained when PH]oleate was used to label the newly 
synthesized lipids. 



Measurement of the incorporation of P'^CJacetate into cel- 
lular cholesterol, indicative for cholesterol biosynthesis, did 
not reveal any significant difference in this respect between 
apo E-deficient and control cells, either in the absence or pres- 
ence of oleate in the incubation media (data not shown). 

Discussion 

Production of VLDL by the liver is an important determinant 
of plasma Upid levels in himians. It is well-established that apo 
B is required for the assembly and secretion of these TG-rich 
lipoproteins by liver cells, and that each partide contains a sin- 
gle apo B molecule (32), Although controversies still exist, 
most of the available data, as summarized in recent reviews 
(33-36), indicate that regulation of apo B secretion is primarily 
a posttranslational event governed by the effidency of translo- 
cation of the protein across the endoplasmic reticulum mem- 
brane and its assodation with lipids. Excess of apo B that does 
not associate appropriately with Upids mside the endoplasmic 
reticulum lumen is degraded rapidly. There is a large body of 
experimental evidence indicating that both the availability of 
core (TG, cholesterol ester) and surface lipid (phosphohpid) 
can become rate-limiting for VLDL production. Furthermore, 
several studies have shown that the microsomal triglyceride 
transfer protein is essential for adequate lipoprotein formation 
(37-39). In addition, other proteins have been identified that 
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Figure 2. Frequency distribution of particle 
diameter of VLDL produced by apo 
E-defident and control mouse hepatocytes. 
apo E-defident {black bars) and control 
(C57BL/6J) mouse {white bars) hepato- 
cytes were cultured for 24 h in the absence 
{left panel) or presence {right panel) of 0.75 
mM oleate, as described in Methods. Lipo- 
proteins {d < 1.006 g/ml) were isolated 
from the media by ultracentrifugation and 
studied by electron microscopy, as de- 
scribed in Methods. Values are expressed 
as the mean of four independent VLDL 
preparations per group. SD bars are not 
shown for clarity reasons. In each prepara- 
tion, ~ 500 particles were analyzed. 
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Figure 3. Density gradient ultracentrifugation profiles of radiola- 
beled lipids accumulated in the culture medium of primary hepato- 
cytes isolated from control (open symbols) and ape E-<leficient 
(closed symbols) mice, Hepatocytes were incubated in serum-free 
media containing pHjglyccrol and 0.75 mM oleate complexed with 
BSA (0.25 mM) for 24 h. After incubation, the media were collected, 
centrifrigated to remove any ceU debris, and dialyzed extensively. Im- 
mediately before ultracentrifugation, 0.5 ml of normal human plasma 
was added as a carrier. Fractions were collected, extracted, and as- 
sayed for radioactivity as described in Methods. The data represent 
the mean of three independent experiments per group. Solid line. Av- 
erage density of the collected fractions, dps, Desintegrations per 
second. 



may play a role in the assembly of VLDL (for a review, see ref- 
erence 35). 

In this study, data are presented that identify apo E as an 
additional factor involved in the regulation of VLDL assembly 
and secretion by hepatocytes. A pronounced reduction in 
VLDL-TG secretion by apo E-deficient liver cells was ob- 
served in three different experimental systems, i.e., m the intact 
animal, in the isolated perfused liver, and in hepatocytes in pri- 



mary culture. It could be argued that the decreased VLDL-TG 
secretion by apo E-ndeficient hepatocytes is not directly related 
to the lack of apo E, but rather to aspecific changes in the liv- 
ers of apo E^efident mice as induced by profound hypercho- 
lesterolemia. To address this possibility, in vivo hepatic TO 
production studies were performed with apo E-deficient mice 
in which the hypercholesterolemia was effectively reversed 
by transplantation of wild-type bone marrow. These studies 
showed that hepatic TO production is still severely impaired in 
bone marrow-transplanted apo E-deficient mice (Table I). In 
addition, no differences were observed between cultured apo 
E-deficient and control hepatocytes with respect to cell viabil- 
ity, protein synthesis and secretion, and LDH leakage. Alto- 
gether, these data indicate strongly that the reduced TO secre- 
tion by apo E-deficient liver cells is caused primarily by the 
absence of apo E. 

To gain more insight into the mechanisms underlying re- 
duced TO secretion by apo E-deficient hver cells, nascent 
VLDL-TG secretion studies were performed using isolated 
perfused mouse livers and cultured hepatocytes. One of the 
major advantages of the perfused liver model is that the hepa- 
tocytes maintain their secretory polarity, a feature that is obvi- 
ously lost in cell culture. Secretion of VLDL-TG by livers from 
apo E-^lefident mice was reduced by 50% compared with con- 
trol mice. In addition, perfused mouse livers of either strain 
produced nascent VLDL partides with similar Upid composi- 
tion (Table II), indicating that apo E-defident mouse livers es- 
sentially produce normal TG-rich VLDL. 

Much of our knowledge of the VLDL production process is 
derived from in vitro studies with hepatoma cell hnes and pri- 
mary hepatocyte cultures. Human (HepG2) and rat (McA- 
RH7777) hepatoma cell lines (15, 16) as well as SV40 large T 
antigen-inmiortalized human hepatocytes (40) typically se- 
crete apo B-containing partides in the LDL-density range, 
probably as a consequence of their dedifferentiated state, in 
which a number of liver-spedfic functions are lost (40). In con- 
trast, short-term primary cultures of rat (41), human (28), and 




Figure 4, Time-dependent accumulation of 
PHJTG in apo E-defident and control 
hepatocytes and secretion of PH]TG- 
VLDL by these cells. After their isolation, 
apo E-defident (solid line) and control 
(C57BL/6J) hepatocytes (dotted line) were 
cultured overnight in FCS and hormone- 
containing media. Cells were washed thor- 
oughly and incubated for an additional 4 h 
in FCS and hormone-free medium. Subse- 
quently, cells were incubated with medium 
containing BSA in the absence (A and Q 
or presence (B and D) of 0.75 mM oleate. 
pH]Glycerol was added to label newly syn- 
thesized TG, as outlined in Methods. At the 
indicated time points, cells and media were 
harvested, and the accumulation of cellular 
PHJTG (A and B) and secretion of pH]TG- 
VLDL (C and D) were determined as de- 
scribed in Methods. A representative ex- 
periment is shown in which cells isolated 
from a single apo E-defident mouse and a 
control mouse were studied simultaneously. 
Values are expressed as the meaniSD of 
triplicate determinations at each time point. 
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murine (20) hepatocytes secrete primarily VLDL, reflecting 
more closely the in vivo situation. The data depicted in Fig. 3 
demonstrate that apo E-deficient hepatocytes in primary cul- 
ture secrete newly synthesized lipids primarily in particles of 
the VLDL-density range, similar to the situation observed for 
wild-type control cells. 

Experiments with apo E-defident hepatocytes in culture 
showed an impaired VLDL-TG secretion, both when mass se- 
cretion was determined over a 24-h period (Fig. 1) and when 
secretion of newly synthesized TG from radiolabeled precur- 
sors was measured (Fig. 4, C and D). This impaired VLDL-TG 
secretion by apo E-defident hepatocytes was not hkely to be 
caused by decreased intracellular TG synthesis, since the TG 
synthesis rate as measured by PHJglycerol incorporation was 
similar for apo E-defident and control cells (Fig. 4, A and B). 
In addition, apo E-deficient cells showed significantly higher 
TG and cholesterol contents compared with cells from wild- 
type mice (Table III). This is consistent' with our previous in 
vivo observations (17), although the difference in hepatic TG 
content was larger under in vivo conditions. This may be due 
to selective isolation of relatively lipid-poor cells from peripor- 
tal areas (zone 1), since it was found that TG-containing fat 
droplets are localized predominantly in perivenous (zone 3) 
hepatocytes in apo E-defident livers (17). Alternatively, the 
lipid-laden zone 3 cells may have been lost more easily during 
isolation and subsequent washing procedures. 

In the absence of oleate, cells from apo E-defident mice 
secreted less VLDL-TG, whereas the VLDL partides were of 
similar size and composition as those secreted by cells from 
control mice (Figs. 1 and 2). These data point to a significant 
reduction in the number of VLDL partides secreted by apo 
E-defident hepatocytes. Since each VLDL partide contains a 
single molecule of apo B, secretion of this apolipoprotdn must 
also be reduced. However, in the presence of oleate, VLDL 
particles formed by apo E-defident cells were significantly 
smaller than those produced by control cells (Fig. 2). A simple 
calculation shows that the 10.7-nm difference in diameter be- 
tween apo E^efident and control particle size (Fig. 2) results 
in a 2.2-fold larger partide volume for VLDL produced by 
control cells. This value relates reasonably weU to the 2.6-fold 
higher production of core lipids by control cells under these 
conditions (Fig. 1). Thus, under oleate-stimulated conditions, 
It is suggested that apo E-defident hepatocytes secrete smaller 
VLDL particles, but their overall number is not affected. 
Clearly, further studies are necessary to establish the modulat- 
ing effect of apo E on VLDL partide size and secretion. Such 
experiments, including detailed analysis of apo B synthesis and 
secretion, are currentiy being performed in our laboratory. 

Previous studies have shown that the synthesis rate of cho- 
lesterol in the Uver may affect VLDL secretion (42). In this 
study, the incorporation of P^CJacetate into cellular choles- 
terol was similar in control and apo E-defident cells both in 
the absence and presence of oleate in the incubation medium. 
These results indicate that the impaired VLDL production by 
apo E-defident hepatocytes observed in this study is not 
caused by differences in cholesterol biosynthesis. 

How does apo E influence VLDL partide assembly and se- 
cretion? As outlined in the Introduction, Fazio et al. (15) have 
reported an enhanced association of apo E with large, apo 
B-containing lipoproteins during stimulation of hpogenesis in 
HepG2 cells, while the total amount of apo E secretion did not 
change. Similar findings were also reported in a study by Davis 



et al. (43) using rat hepatocytes in primary culture. Fazio and 
Yao (16) speculated that this increased association reflects a 
physical preference of apo E for the larger partides, providing 
an effective way to enrich these partides with apo E in order to 
fadlitate subsequent carrier-mediated uptake of their rem- 
nants fi-om blood. However, our data strongly suggest that apo 
E actually has a function in the assembly-secretion process at 
the intracellular level, in particular when lipogenesis is stimu- 
lated by tiie presence of oleate in the culture media. Although 
tiie exact mechanism(s) remains to be eluddated, our data 
seem to indicate that apo E is involved in the incorporation of 
(newly synthesized) TG into VLDL partides produced by 
mouse liver cells. At tiiis point, it is tempting to speculate that 
apo E interferes with the recruitment of newly synthesized TG 
into the small microsomal secretion-coupled pool of TG that is 
suggested to be involved in the regulation of apo B secretion 
(44). Interestingly, Gretch et al. (45) have found recently that 
the expression of human apo E in insect larvae leads to pro- 
gressive conversion of the endogenous lipoproteins into more 
buoyant spedes. Although there clearly are major differences 
in lipoprotein assembly between the insect and mammahan 
systems, this finding demonstrates that apo E can influence the 
amount of lipid assembled into lipoproteins and thereby affect 
their size and buoyant density. Thus, in condusion, we propose 
tiiat in addition to its weU-estabhshed function in Upoprotein 
uptake by the liver, apo E also plays an important physiologi- 
cal role in lipoprotein formation by hepatocytes. 
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Z^^ri'^' J'' determine the importance of hepatic apolipoprotein (apo) E in lipoprotein metabolism, 
HepG2 cells were transfected with a constitutive expression vector (pRc/CMV) containing either the 
complete or the first 474 base pairs of the human apoE cDNA inserted in an antisense orLmadon for 
apoE gene mactivation, or the full-length human apoE cDNA inserted in a sense orientation for 
overexpression of apoE. Stable transformants were obtained that expressed 15, 24 226 and 287% the 
apoE level of c^trol HepG2 cells. The metabolism of low-density lipoprotein (LDL) a^d high-density 
iipoprotem-3 (HDL3), two lipoprotein classes following both holoparticle and cholesteryl esters fCE)- 
ff SHolTn^tf '""""P^'^ "^^'^ LDL-protein degradation, an ind cator 

^1 ^ ^^^i^S.T greater in low apoE expressing cells than in control or high expressing 

ceUs, while HDLa-protein degradation paralleled the apoE levels of the cells (r^ = 0 989) LDL and 
T n^TTiim^^^^^^^ expressing cells compared to control cells. In opposition, 

LDL- and HDL3-CE association was not different from control cells in low apoE expressing cells but 
rose in high apoE expressing cells. In consequence, the CE-selective uptake (CE/protein association ratio) 

n^^^^^^^ ^'^"^ "^"P^^ ^^P^^^^^°" ^" ^^"^ both LDL = 0 977Und 

Trin^^i ^^f^.'^?^^ ^Ith^^gh in normal and low apoE expressor cells, 92% of LDL- 

and 80% HDL3-CE hydrolysis is sensitive to chloroquine suggesting a pathway linked to lysosomes for 
SSr^^^^ "^f of chloroquine-sensitive HDL3-CE hydrolysis without 

d HDL ^^""^^ °f ^P«E expression in HepG2 cells determines the fate of LDL 



Apolipoprotein (apo)^ E, a 299 amino acid protein (7), is 
a constituent of chylomicrons, very low-density lipoproteins 
(VLDL), and their remnants. It is also found associated with 
two subclasses of high-density lipoproteins (HDL) known 
as HDLi and HDL2 but not with HDL3. At least 75% of 
plasma apoE is of hepatic origin (2), which is coherent with 
the role of this organ in lipoprotein synthesis. In HepG2 cell, 
a human hepatoma cell line considered as a good hepatic 
model (J), 75% of synthesized apoE was found to be secreted 
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polyacrylamide gel electrophoresis; SR-Bl, scavenger receptor class B 
type I; TBS tris-buffered saline; TLC, thin-layer chromatography; 
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in the medium, 20% to be localized in the cell and 5% asso- 
ciated at the cell surface (4). Approximately 25% of this 
HepG2 cell-surface apoE is associated with the extracellular 
matrix, the remaining apoE being associated with the plasma 
membrane (5), In both cases, apoE is associated with pro- 
teoglycans. 

ApoE is a ligand for the low-density lipoprotein (LDL)- 
receptor (LDLr) (6) and for the LDLr-related protein (LRP) 
(7), two receptors found on hepatic cells that mediate the 
endocytosis and complete degradation of lipoproteins (ho- 
loparticle uptake pathway). ApoE secreted by hepatic cells 
is known to play a role in the metabolism of lipoprotein 
containing apoE such as chylomicron remnants (reviewed 
in ref 8). However, very few studies were aimed at 
elucidating the role of apoE expression on the metabolism 
of apoE-poor lipoproteins such as LDL and HDL3, two 
classes of lipoproteins that follow both holoparticle (9, JO) 
and CE-selective uptake (77, 72) pathways. The /atter 
pathway does not lead to the uptake and degradation of the 
entire lipoprotein, but only to the transfer of the lipoprotein- 
CE to the cell by a poorly understood mechanism. It is 
recognized that most of HDL-CE enters the cell by a selective 
uptake pathway linked to the scavenger receptor class B type 
I (SR-BI) identified in rodents (13) and to its human 
homologue known as CD36- and LIMPII-anaIogous-1 (CLA- 
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1) (14), Degradation of HDL3, by a holoparticle patliway, 
also occurs but the hepatic receptor involved is not clearly 
defined (reviewed in ref 75). In the hepatic cell system, Ji 
et al. (J6) reported that preincubating HDL with human apoE 
increases HDL holoparticle uptake, but not CE-selective 
uptake by rat hepatoma McA-RH7777 cells. In HepG2 cells, 
Fragoso and Skinner (77) have compared the ability of apoE- 
rich and apoE-poor subfractions of HDL to associate to 
HepG2 cells and came to the conclusion that apoE is not 
directly involved in the CE-selective uptake process, while 
using the monoclonal antibody anti-human apoE 1D7, 
Leblond and Marcel (75) came to the conclusion that cell- 
associated apoE is involved in HDL-CE selective uptake. 
Thus, the studies on HDL metabolism in regards to apoE 
lead to conflicting results. Furthermore, none of these studies 
on HDL addresses directly the effect of various levels of 
apoE expression by hepatic cells on both the HDL holopar- 
ticle and CE-selective uptake pathways and the fate of HDL- 
CE. 

CE-selective uptake from LDL has also been shown in 
HepG2 cells (77), and it was shown that Chinese hamster 
ovary (CHO) cells overexpressing SR-BI can selectively take 
CE from LDL (79). However, it is not yet known if under 
normal conditions SR-BI/CLA-1 is responsible for this 
activity in the hepatic cell. Indeed, HDL-CE was shown to 
be hydrolyzed in a nonlysosomal compartment (20), while 
CE coming by a selective uptake from LDL are metabolized 
in lysosomes (77). This is reviewed in more details in ref 
27. To date, there is no report on the role of hepatic cell- 
secreted apoE on LDL metabolism. The only available 
information was derived from other cell systems (22, 23), 
Our aim was to defme the role of HepG2 cell-secreted apoE 
on both LDL and HDL3 metabolism by comparing HepG2 
cells expressing various apoE levels to normal HepG2 cells. 
Thus, we created HepG2 cells expressing higher levels of 
apoE with an expression vector containing the full human 
apoE cDNA and HepG2 cells expressing lower levels of 
apoE by a constitutive antisense RNA technology. Up to 85% 
inactivation and 187% overexpression of apoE expression 
were achieved compared to normal HepG2 cells. The apoE 
level was found to be positively correlated with HDL3 
holoparticle uptake and LDL- and HDL3-CE selective uptake. 
LDL holoparticle uptake was, however, higher in low 
expressor cells than in normal cells. Furthermore, our data 
reveal that overexpressing apoE in HepG2 cells reduces the 
chloroquine-sensitive hydrolysis of HDL3-CE without modi- 
fying that of LDL-CE. Thus, in HepG2 cells, apoE expres- 
sion level has a similar, yet not identical, effect on LDL and 
HDL3 metabolism. 

EXPERIMENTAL PROCEDURES 

Materials. Human plasma was obtained from the Royal 
Victoria Hospital (Montreal, Quebec, Canada). The human 
hepatoma cell line HepG2 was obtained from the American 
Type Culture Collection (Rockville, MD). Purified human 
apoE came from Calbiochem (La Jolla, CA). Minimal 
essential medium (MEM), Geneticin (G418 sulfate), penicil- 
lin-streptomycin, and trypsin used for cell culture were from 
Life Technologies Gibco BRL (Burlington, Ontario, Canada). 
Fetal bovine serum (FBS) was purchased from HyClone 
(Logan, UT) while L-glutamine, fatty acid-free or regular 
bovine serum albumin (BSA) (fraction V), phenylmethane- 
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sulfonylfluoride (PMSF), anti-mouse IgG antibody, and 
ampicillin were obtained from Sigma Chemical Co (St-Louis, 
MO). [»^I] (as sodium iodide, 100 mCi/mL)- and pH]- 
cholesteryl oleate (30-60 Ci/mmol) were bought, respec- 
tively, from Amersham (Oak vi lie, Ontario, Canada) and ICN 
Biomedical (Montreal, Quebec, Canada). Restriction en- 
zymes and modification enzymes were obtained from Phar- 
macia (Montreal, Quebec, Canada). pRc/CMV and pBlue- 
script II KS-h plasmids came from Invitrogen (San Diego, 
CA). The vector pJS382 was a gift from Dr. Jonathan Smith 
(Rockefeller University, New York), while the vector 
pTV194 came from Dr. Robert Mahley (Gladstone Founda- 
tion, San Francisco). 

Preparation of Stable Transformants Expressing Various 
Levels of ApoE, To obtain HepG2 cells deficient in apoE 
expression, pTV194 (24), a vector containing the human 
apoES cDNA, was digested with //mdlll and £cc»RI, resulting 
in the obtention of L2, 1.3, and 3 kbp fragments. The 1.3 
kbp fragment, which contains the full-length apoE cDNA, 
was subcloned in the pBluescript KS+ vector and sequenced 
to confirm its identity. Thereafter, the fragment was excised 
with Xbal and HindlE while, in parallel, the pRc/CMV 
expression vector was digested with the same enzymes. 
Ligation between the fragment and the vector was ac- 
complished at 20 °C with T4 DNA ligase followed by 
transformation in Escherichia coll DH5a. A fraction of the 
recombinant DNA was digested by Notl and HindUl in order 
to excise a fragment of 831 bp at the 3' end of the apoE 
cDNA and the plasmid was ligated. Thus, two vectors were 
created, one containing the complete apoE cDNA and another 
containing the first 474 bp of the cDNA, both inserted in 
the antisense orientation. To create cells overexpressing apoE, 
pJS382, a vector containing the full human apoE3 cDNA, 
was digested with Xbal and 1.2 and 2.4 kbp fragments were 
obtained. The 1.2 kbp fragment was inserted in the pRc/ 
CMV expression vector opened with Xbal. The three 
different constructs and the expression vector without insert 
were separately transfected in HepG2 cells using the standard 
calcium phosphate method. G418-resistant cell lines were 
selected and isolated from the pools with cloning cylinders 
and then propagated to study the apoE expression level. All 
stable transformants resemble the native HepG2 cells in 
appearance and in growth rate. 

Cell Culturing. HepG2 cells were grown in 75-cm^ flasks 
containing 15 mL of MEM supplemented with 10% (v/v) 
FBS, penicillin (100 units/mL), streptomycin (100 fig/wL), 
and glutamine (4 mM), as previously described (7/). Medium 
was changed every 2 days, and cells were propagated every 
7 days. Three days prior to the binding, association, and 
degradation studies, 4.5 x 10^ cells were seeded in 3.8 cm^ 
culture dishes (12 well-dishes) for binding, association and 
degradation assays. The cells were approximately 90% 
confluent. 

ApoE, LDLr, and SR-BI/CLA-I Protein Estimation by 
Immunoblotting. Cell medium was changed and harvested 
66 h later to measure apoE secretion. Also, cell proteins were 
obtained by the method of Yoshimura et al. (25). Proteins 
(200-400 fig) were separated by 10% sodium dodecyl 
sulfate— polyacry I amide gel electrophoresis (SDS— PAGE) 
(26) followed by Western blotting to nitrocellulose paper 
according to the method of Bumette (27). The nitrocellulose 
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paper was incubated in Tris-buffered saline (TBS) containing 
the monoclonal anti-human apoE antibody 6C5 (1:500) (28) 
for 90 min at 37 °C. The nitrocellulose was washed with 
TBS and then incubated with '^Mabeled anti-mouse IgG 
(10 /ig/mL, 1 X 10^ cpm) for 90 min at 37 °C. Thereafter, 
the nitrocellulose paper was extensively washed with TBS 
and an auto radiogram was obtained by exposing the dried 
nitrocellulose paper to Kodak XAR film at -80 °C. The 
intensity of the autoradiogram signal was quantified by densi- 
tometry using the Imagequant system of Molecular Dynamics 
(Sunnyvale, CA). Immunoblotting experiments were also 
conducted with the cultured medium of control HepG2 cells 
and 0.5, 1.0, and 2.5 //g of purified human apoE in order to 
determine the rate of apoE synthesis by control HepG2 cells. 
LDLr and SR-BI/CLA-1 levels were determined from 
cellular proteins with a rabbit polyclonal anti-human LDLr 
antibody (Research Diagnostics) for LDLr receptor estima- 
tion and a rabbit polyclonal anti-murine SR-BI antibody 
(Novus Biologicals) for SR-BI/CLA-1, respectively. 

Preparation and Radiolabeling of Lipoproteins. To the 
plasma was added 0.01% (w/v) of ethylenediamine tetraac- 
etate (EDTA), 0.02% (w/v) of sodium azide and \0 fiM of 
PMSF before the isolation of lipoproteins, which was 
achieved by ultracentrifugation as described by Hatch and 
Lees (29). Human LDL (density 1.025-1.063 g/mL) and 
HDL3 (density 1.125-1.21 g/mL) were prepared as described 
by Brissette and Noel {30). Both lipoproteins contained no 
detectable amounts of apoE, as assessed by SDS— PAGE. 
LDL and HDL3 were iodinated by a modification {31) of 
the iodine monochloride method of McFarlane (52). One 
millicurie of sodium 125-iodide was used to iodinate 2.5 mg 
of LDL or HDL3 in the presence of 30 or 10 nmol, 
respectively of iodine monochloride in 0.5 M glycine-NaOH, 
pH 10. Free iodine was removed by gel filtration on 
Sephadex G-25 followed by an overnight dialysis in TBS. 
The specific radioactivity ranged 115000-200000 cpm//ig 
of protein. LDL and HDL3 were radiolabeled in their CE 
with [^H]cholesteryl oleate as described by Roberts et al. 
{33). Briefly, 25 /fCi of [^H]CE was evaporated under 
nitrogen and resuspended in 250 fxl. of acetone. This volume 
of acetone was added dropwise to 3 mL of lipoprotein 
depleted serum (LPDS) in a glass tube at room temperature 
and acetone was evaporated under a gentle stream of 
nitrogen. One milliliter of lipoprotein at a concentration of 

I mg protein/mL was added to the LPDS containing [^H]- 
CE and the mixture was incubated for 30 min at 4 °C. 
Thereafter, the labeled lipoproteins were reisolated by 
ultracentrifugation. The specific activity of lipoproteins 
labeled in CE ranged from 7500 to 20 000 dpm//<g protein. 

Binding Assay. The cells were washed twice with 1 mL 
of phosphate-buffered saline (PBS) and were then incubated 
for 2 h at 4 °C with 0-50 f^g of protein/mL of [^^sjjLDL or 
HDL3 in 125 /^L of MEM containing 4% (w/v) fatty-acid 
free BSA and 50 mM Hepes, pH 7.4, in a total volume of 
250 ^L (total binding). Nonspecific binding was determined 
by the addition of 1 mg of protein/mL of the proper unlabeled 
lipoprotein. At the end of the incubation, the cell monolayers 
were washed two times with 1 mL of PBS containing 0.2% 
(w/v) BSA (PBS-BSA), then twice with 1 mLof PBS. The 
cells were solubilized in 1.5 mL of 0.1 N NaOH, assayed 
for protein content and counted for radioactivity in a Cobra 

II counter (Canberra-Packard). The specific binding was 
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calculated by subtracting the nonspecific binding of '^^I- 
labeled lipoproteins from the total binding. The curves 
generated by the specific-binding data were transformed into 
plots of the ratio of cell-bound to free '-^I-labeled lipoproteins 
versus cell-bound *^I-labeled lipoproteins, according to the 
method of Scatchard {34). The dissociation constant {K^ was 
calculated from the slopes and the maximum binding capacity 
(5niax) was obtained from the A:-axis intercept. 

Cell Association and Degradation Assays. HepG2 cell 
association of [*^I]lipoprotein and [^H]CE- lipoprotein (15 
jMg of protein/mL) lasted for 3 h at 37 °C, as for the binding 
studies but without Hepes. At the end of the incubation, 
dishes were processed as for the binding studies. Association 
data were obtained from an estimate of the radioactivity of 
the washed cells resuspended in 0.1 N NaOH. The results 
are expressed in [ ^^I] lipoprotein— protein/mg of HepG2 cell 
protein. Associated [^H]CE was quantitated with a beta- 
counter (Wallach-Fisher). To compare the association of lipo- 
proteins labeled in protein (^^I) or in CE (^H), the association 
data of pH]CE-lipoprotein were estimated as protein associ- 
ated/mg cellular protein. To achieve this, the specific activity 
of [3H]CE-LDL or [^HJCE-HDLa was established in disin- 
tegrations per minute per microgram of LDL or HDL3 
protein. Selective uptake is demonstrated when the ratio of 
pH]CE-lipoprotein (association)/[^^I] lipoprotein (association 
-h degradation) is greater than unity. The degradation of the 
proteins of ['^1] lipoprotein was estimated from the medium. 
Essentially, trichloroacetic acid (TCA) was used at a final 
concentration of 12% and degradation was estimated as the 
TCA-soluble fraction. Proper controls without cells were 
done to account for free *^iodine. Some experiments were 
conducted after a preincubation for 2 h with 1.5 units/mL 
of chondroitinase ABC and 4.5 units/mL of heparinase I. 

CE Hydrolysis Assays. Cells were washed twice with 1 
mL of PBS and were then preincubated for 1 h at 37 °C in 
the medium used in the association assay but in the presence 
or absence of 100 //M of chloroquine. After the preincubation 
period, 40 fxg of protein/mL of [^H]CE-LDL or HDL3 were 
added to the wells and cells were incubated for 4 h. 
Nonspecific CE-hydrolysis was determined by the addition 
of 1 mg of protein/mL of the proper unlabeled lipoprotein. 
At the end of the incubation, the cell monolayers were 
washed as for the binding studies. The lipids were extracted 
in situ following two 30 min incubations with 1 mL of 
hexane/isopropylic alcohol (3:2, v/v). Cells were solubilized 
in 1.5 mL of 0.1 N NaOH and assayed for protein content. 
The lipid extracts were dried under N2, resuspended in 50 
^L of chloroform and separated by thin-layer chromatogra- 
phy on silica gel G plates nin in petroleum ether/diethyl ether/ 
acetic acid (90: 10:1, v/v). The plates were dried and the lipid 
spots were revealed by exposure to iodine vapor. Following 
complete disappearance oft, spots corresponding to the free 
cholesterol and CE positions were scraped from the plates 
and quantified by liquid-scintillation counting. 

Other Methods. Protein content was determined by the 
method of Lowry et al. {35) with BSA as standard. Two- 
tailed Student's unpaired and paired /-test were used to 
determine significant differences between assays. 

RESULTS 

Our primary goal was to create HepG2 cells expressing 
higher and lower levels of apoE compared to normal HepG2 
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Figure 1 : Immunoblot analysis of apoE levels in different subtypes 
of HepG2 cells.Cells were solubilized with 1% Triton X-100 and 
400 /^g (A) or 200 /ig (B) of proteins were separated by 10% SDS- 
PAGE and transferred onto nitrocellulose membrane. The level of 
apoE was estimated by immunodetection with 6C5. a monoclonal 
anti-human apoE antibody, as described in the Experimental 
Procedures. 

cells. We determined by quantitative immunoblotting that 
normal HepG2 cells secrete 0.25 //g/mg of cell protein/h. 
To obtain cells expressing high levels of apoE, we con- 
structed an expression vector containing the full-length apoE 
cDNA in the sense orientation. Low expressor cells were 
created with a vector producing apoE antisense RNA. Since 
we could not determine empirically the length of the 
antisense RNA that would be the most efficient, we used 
the full-length apoE cDNA or the first 474 bp of the same 
cDNA. Both were inserted in the antisense orientation in 
pRc/CMV. Stable transformants were named according to 
the orientation of their cDNA insert and, in the case of low 
apoE expressing cells, the length of their cDNA insert. Thus, 
cells that express the human apoE cDNA were named E+, 
while cells expressing antisense RNA were named E-1.3 if 
they received the full lengtii cDNA, orE-0.5 if they received 
the first 474 base pairs of the cDNA. HepG2 cells were also 
transfected with the vector pRc/CMV without insert. These 
cells were named E/pRc. Cellular clones were obtained from 
each pool of transformants, and their level of apoE was 
determined by immunoblotting. Figure 1 shows the level of 
apoE expression in normal HepG2 cells and E/pRc and in 
our two best overexpressing clones (E+/C6 and E-h/C7) and 
two most deficient clones (E-1.3/C4 and E-0.5/C2). While 
the level of apoE in E/pRc is not different from the normal 
HepG2 cells, densitometric analysis of four different experi- 
ments taking the HepG2 cell apoE level as 100% revealed 
that E-1.3/C4 and E-0.5/C2 cells express 15% ± 3 (mean 
± SD) and 24% ± 4 of the level of normal HepG2 cells, 
respectively, while E-h/C6 and E-I-/C7 cells have apoE levels 
corresponding to 226% ± 6 and 287% ± 8 of the control 
level, respectively. Thus, there is a 19-fold difference in apoE 
expression between our most deficient and best overexpress- 
ing cells. The measurement in the medium followed die same 
type of modulation in the level of apoE (data not shown). 
Expression levels of LDLr and SR-BI/CLA-1 were deter- 
mined by immunoblotting in E- 1.3/C4, E+/C7, and control 
HepG2 cells. While the LDLr level was the same, a 30% 
reduction in SR-BI/CLA-1 level was detected in E-1.3/C4 
compared to the two other cell types. 

Our next goal was to define if the changes of apoE levels 
in HepG2 cells would affect the ability of HepG2 cells to 
bind LDL and HDL3, two lipoprotein classes that can be 
isolated without detectable amounts of apoE {30). Figure 2A 
shows that the specific binding of ['^sjjldL is more 
important for the cells expressing low levels of apoE than 



in other cells. The Scatchard plots (panel B) show that die 
.^-intercept is greater in the case of low expressing cells 
compared to the other cells while the slopes are the same 
no matter the level of apoE expression by the cells. The 
binding parameters calculated for each experiment are shown 
in Table 1. This table reveals that the maximal binding 
capacity {B,^^) of [^^^IJLDL is stadstically increased (p < 
0.01) by 126% and 78% for E-1.3/C4 and E-0.5/C2 cells, 
respectively, in comparison with the fi^ax of control HepG2 
cells. No differences were found between normal and apoE 
overexpressing cells. Analysis of the dissociation constants 
{Kd) indicates that a variation in the apoE level has no effect 
on the affinity of the LDL binding to HepG2 cells. Similar 
results were obtained for the binding of [*^I]HDL3 to the 
different subtypes of HepG2 cells as seen in Figure 2, panels 
C and D. Table 1 shows that the B^^ of [^^sijHDLa is 
statistically increased (/? < 0.001) by 83 and 53% for E-1.3/ 
C4 and E— 0.5/C2 cells, respectively, compared to that of 
normal cells. In contrast with the observation made with 
LDL, low apoE expressing cells have a significantly reduced 
{p < 0.01) affinity for HDL3 as seen by the 39% and 30% 
increases in the with E-L3/C4 and E-0.5/C2 cells, 
respectively. Thus, apoE secreted by HepG2 cells transforms 
HDL3, but not LDL, into a higher affinity ligand for cell 
receptors, while at lower level than normal, apoE favors LDL 
and HDL3 binding to HepG2 cells. 

Thereafter, we analyzed the metabolism of LDL by these 
cells, in function of apoE expression. The experiments were 
conducted at 37 °C, a temperature that allows internalization 
and degradation of lipoproteins after their binding to cell 
membranes. Table 2 shows that E-1.3/C4 and E-0.5/C2 
cells degrade 51% {p < 0.05) and 108% (p < 0.001) more 
[^^I]LDL-protein, respectively, than normal HepG2 cells. 
A parallel effect was observed for LDL-protein association. 
These results are in agreement with those obtained with the 
binding studies (Table 1). Association assays were conducted 
after a preincubation in the absence or presence of heparinase 
I and chondroitinase ABC in order to evaluate the role of 
proteoglycans on the cell surface. These enzymes had no 
effect on [*^I]LDL association to our low apoE expressor 
cells as 101.6 ± 2.7% (mean ± SD, « = 5) of the association 
level of cells preincubated without the enzymes was mea- 
sured. However, the enzymatic treatment on high apoE 
expressor cells increased LDL association to 130.4 ±10.1% 
(rt = 6). This statistically significant increase (p < 0.05) 
suggests that apoE on proteoglycans of high expressor cells 
reduces LDL ability to associate with HepG2 cells. 

The association of the lipid moiety of LDL, more precisely 
CE, was also investigated. For this, LDL were labeled with 
[3H]CE. Table 3 shows that pH]CE-LDL cell-association 
was significantly increased (p < 0,001) by 87 and 129% in 
E+/C6 and E+/C7 cells, respectively, while die association 
of LDL-CE with cells expressing low levels of apoE was 
not statistically different from that of normal HepG2 cells. 
Analysis of the CE/protein association ratio, an indicator of 
the LDL-CE selective uptake, reveals that the level of apoE 
expression in HepG2 cells is highly correlated (r^ = 0.977) 
with diis pathway. Indeed, compared to the lowest expressing 
cells, our highest expressing cells are 3-fold better to 
selectively take up CE from LDL. Thus, the information 
gathered on LDL metabolism reveals that subnormal levels 
of HepG2-apoE favors the holoparticle pathway (LDL- 
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Table 1: Parameters of LDL and HDL3 Binding to the Different 



Figure 2: Specific binding of ['^sijLDL and ['^I]HDL3 to different subtypes of HepG2 cells. Saturation curves of the specific binding of 
[>2-n]LDL (A) or [^^si^hdLs (C) to either normal HepG2 (♦), E-1.3/C4 (x), E-0.5/C2 (•), E+/C6 (■) or E+/C7 (A) cells and Scatchard 
plots of the specific binding of [*"i]LDL (B) or [i^sjjHDLa (D). To measure the total binding on these cells, ['^syiipoproteins (0-50 fig 
of protein/mL) were incubated al 4 °C for 2 h with HepG2 cells. The nonspecific binding was measured by adding 1 mg of protein/mL of 
the proper unlabeled lipoprotein and the specific binding was calculated by subtracting the nonspecific binding from the total binding. 
These are representative experiments conducted in duplicate. 

take CE from HDL3. but differently from LDL. Indeed, 
HDLs-protein degradation (Table 2), -protein, and -CE 
association (Table 3) are 6, 54, and 39% that of LDL, 
respectively. Table 2 shows that, differently from LDL 
degradation, HDLs-protein degradation is positively cor- 
related (r^ = 0.989) with the expression of apoE in HepG2 
cells. Indeed, the E- 1.3/C4 and E-0.5/C2 cells degrade 36% 
(p < 0.01) and 29% (p < 0.001) less HDLj-protein, 
respectively, than normal HepG2 cells while the E+/C6 and 
E-1-/C7 cells degrade 49% (p < 0.01) and 59% (p < 0.05) 
more HDL3-protein, respectively, than normal HepG2 cells. 
In agreement with our findings with LDL, there is a 
significant increase (p < 0.001) of 185 and 228% of [^^I]- 
HDL3 cell-association with E-1.3/C4 and E-0.5/C2 cells, 
respectively, while the association of HDL3 to cells over- 
expressing apoE was not significantly different from the 
control cells (Table 2). Again, these results are in agreement 
with those obtained with the binding studies (Table 1). Table 
3 shows a significantly higher [^H]CE-HDL3 association (p 
< 0.05) of 58 and 70% for E-I-/C6 and E+/C7 cells, 
respectively, while the same association is measured in low 
apoB expressing and control cells. As for LDL, CE-selective 
uptake is highly correlated (r^ = 0.998) with the level of 
apoE, revealing that the apoE level is also important for 
HDL3-CE selective uptake by HepG2 cells. As a matter of 
fact, CE-selective uptake values in E- cells do not differ fi*om 
unity. Thus, in those cells a reduction of 76% in apoE 
expression virtually abolished HDL3-CE selective uptake. 

The intracellular fate of lipoprotein-CE in conjunction with 
the apoE expression levels was investigated. For this puipose, 



HepG2 Cell Subtypes" 






apoE 




5max (ng of 






expression 




protein/mg 


lipoprotein 


cell 


level (%) 


protein/mL) 


of cell protein) 


[•25I]LDL 


E-1.3/C4 


15 


42.0 ± 3.1 


713,0 ± 102.8* 




E-0.5/C2 


24 


45.1 ±3.7 


560.4 ±71.8* 




HepG2 


100 


43.4 ± 3.5 


315.6 ± 22.4 




E+/C6 


226 


42.3 ±3.1 


380.1 ± 33.4 




E+/C7 


287 


42.3 ± 1.2 


396.1 ±40.8 




E-1.3/C4 


15 


69.6 ± 6.6* 


714.9 ± 52.2^ 




E-0.5/C2 


24 


65.3 ± 8.0* 


596.2 ± 43.6^ 




HepG2 


100 


50.1 ± 4.1 


390.5 ± 20.9 




E+/C6 


226 


51.2 ±8.5 


402,1 ±41,2 




B+/C7 


287 


50.7 ±9.7 


421.9 ±44.9 



" Binding assays of '^^I-labeled lipoproteins to the different subtypes 
of HepG2 cells were carried out as described in the Experimental 
Procedures. Briefly, ['^I]Upoproieins (0-50 fig of protein/mL) were 
incubated with cells at 4 '^C for 2 h. Nonspecific binding was measured 
by adding 1 mg of protein/mL of the proper unlabeled lipoprotein and 
specific binding was calculated by subtracting the nonspecific from 
the total binding. and Bam were determined from Scatchard plots 
of the specific binding data. Each value represents the mean ± SD of 
five experiments conducted each in duplicate. Statistical differences 
were determined with a paired Mest. * Statistically different (p < 0.01) 
from the results obtained with normal HepG2 cells. '"Statistically 
different {p < 0.001) from the results obtained with the normal HepG2 
cells. 



protein binding, association and degradation) while higher 
levels optimize the LDL-CE selective uptake pathway. 

Similar experiments were conducted with HDL3. Confirm- 
ing our previous data (i9), normal HepG2 cells can degrade 
(Table 3) and associate HDLs-protein and also selectively 
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Table 2: Association and Degradation of [ 


'"IJLipoprotein by Different HepG2 Cell Subtypes* 












t IJlipoprotein 


lipoprotein 








• 


degradation 


association 








apoE expression 


(ng of protein/ 


(ng of protein/ 


degradation/ 


lipoprotein 


cell 


level (%) 


mg of cell protein) 


mg of cell protein) 


association ratio 


'25I-LDL 


E-1.3/C4 


15 


30.0 ± 3.2'^ 




n 10 _L f\ in 
U.J<S ± U.IU 




E-0.5/C2 


24 


21.8 ± ^.A" 








HepG2 


100 


14.4 ± 12.6 


37.6 ± 14.1 


0.42 ±0.14 




E+/C6 


226 


13.2 ±4.0 


50.8 ± 20.9 


0.29 ±0.11'' 




E+/C7 


287 


13.4 ±5.7 


64.0 ± 29.7 


0.23 ± 0.07'' 


125I-HDL3 


E-1.3/C4 


15 


0.52 ±0.17^ 


69.9 ± 36.9* 


0.010 ±0.00'' 




E-0.5/C2 


24 


0.58 ± 0.29" 


60.7 ±31.0^ 


0.012 ± O.OO'^ 




HepG2 


100 


0.81 ± 0.26 


21.3 ±6.5 


0.046 ±0.028 




E+/C6 


226 


1.21 ±0.24'' 


24.7 ± 7.8 


0.062 ± 0.032^ 




E-h/C7 


287 


1.29 ±0.40^ 


22.8 ± 7.0 


0.061 ± 0.036-^ 



" Association and degradation assays were conducted as described in the Experimental Procedures with 15 ^g of protein/mL of either [^^^j^ldL 
or ['25l]HDL3. Degradation of LDL- or HDL-protein was measured in the medium. Incubation was conducted in parallel with 1 mg of protein/mL 
of the proper unlabeled lipoprotein to determine the level of nonspecific association or degradation. Each value represents the mean ± SD of 10 
experiments conducted each in triplicate. Statistical differences were determined with a paired Mest. * Statistically different {p < 0.05) from the 
results obtained with normal HepG2 cells. Statistically different {p < 0.01) from the results obtained with normal HepG2 cells. Statistically 
different {p < 0.001) from the results obtained with normal HepG2 cells. 



Table 3: Protein and Cholesteryl Ester Association of LDL and HDL3 with Different HepG2 Cell Subtypes'* 

[^^^I]lipoprotein 
association [^H]CE association 







apoE expression 


(ng of protein/ 


(ng of protein/ 




lipoprotein 


cell 


level (%) 


mg of ceil protein) 


mg of cell protein) 


CE-selective uptake 


[^25l]LDL 


E-1.3/C4 


15 


100.1 ±25.6*' 


144.5 ±73.1 


1.68 ±0.42* 




E-0.5/C2 


24 


69.9 ± 22.5* 


153.5 ±65.2 


2.21 ± 0.53'^ 




HepG2 


100 


39.6 ± 12.6 


123.6 ±55,1 


3.17± 1.11 




E+/C6 


226 


46.2 ±18.9 


231.1 ±58.8* 


4.86 ± 1.04'' 




E+/C7 


287 


60.5 ±24.0 


282.7 ± 90.7* 


5.14 ±0.68'' 


[»25I]HDL3 


E-L3/C4 


15 


69.9 ± 36.9'^ 


42.6 ± 16.9 


0,73 ±0.19* 




E-0.5/C2 


24 


60.7 ±30.9^ 


42.5 ± 20.0 


0.84 ± 0.29* 




HepG2 


100 


21.3 ±6.5 


47.8 ± 14,3 


2.37 ± 0,50 




E+/C6 


226 


24.7 ± 7,8 


75.6 ± 22.7'' 


3.47 ±0.59'^ 




E+/C7 


287 


22.8 ±7.0 


81.2 ±25.4'' 


4.02 ± 0.93^ 



" Cells were incubated for 3 h at 37 **C with either 15 jt/g/mL of ['^^IJlipoprotein or [^HJCE-Iipoprotein and cell association was measured as 
described in the Experimental Procedures. Incubation was conducted in parallel with 1 mg of protein/mL of the proper unlabeled lipoprotein to 
determine the level of nonspecific association. Each value represents the mean ± SD of 10 experiments conducted each in triplicate. Statistical 
differences were determined with a paired /-test. * Statistically different (p < 0.001) from the results obtained with normal HepG2 cells. Statistically 
different (p < 0.05) from the results obtained with nomial HepG2 cells. ''Statistically different {p < 0.01) from the results obtained with normal 
HepG2 cells. 



hydrolysis of LDL- and HDL3-CE was analyzed in the 
presence of chloroquine, an inhibitor of the lysosomal 
function, in control cells and in our highest and lowest apoE 
expressing cells. Figure 3 shows that LDL-CE or HDL3-CE 
hydrolysis is not statistically different between E-1.3/C4, 
E-h/C7, and normal HepG2 cells in the absence of chloro- 
quine. Panel A reveals that chloroquine has a similar effect 
on the three cell lines, significantly reducing LDL-CE 
hydrolysis by an average of 92% {p < 0.001). Important 
differences were detectable between sensitivity of LDL- and 
HDLi-CE hydrolysis in the presence of chloroquine as panel 
B shows that chloroquine significantly reduces (p < 0.001) 
HDL3-CE hydrolysis by 72 and 86% in E-1.3/C4 and 
normal HepG2 cells, respectively, while it only decreases 
HDL3-CE hydrolysis by 35% in cells overexpressing apoE. 
Thus, an apoE level higher than normal reduces the sensitiv- 
ity of HDL3-CE hydrolysis to chloroquine without changing 
that of LDL. 

DISCUSSION 

Our goal was to define the role that hepatic cell-apoE plays 
in LDL and HDL3 metabolism. A hepatic-derived cell was 



chosen since most of the lipoprotein metabolism occurs in 
the liver. To strengthen our study, we chose to compare 
HepG2 cells expressing normal, low and high levels of apoE. 
Thus, we constructed apoE expression vectors in order to 
obtain HepG2 cells overexpressing apoE and we also created 
HepG2 cells that constitutively express apoE antisense RNA 
to reduce apoE expression in HepG2 cells. 

The study of LDL binding to the different HepG2 cell 
subtypes revealed that reducing the apoE level below the 
control level increases the binding capacity (5,„ax) of LDL, 
while increasing apoE level has no effect. A parallel effect 
was demonstrated on LDL-protein association and degrada- 
tion. This cannot be attributed to higher levels of LDLr in 
apoE deficient cells since the LDLr expression was the same 
in all types of cells. Variations of the apoE levels did not 
modify the affinity (K^) of LDL for these cell lines. Thus, it 
has to be concluded that HepG2 cells expressing lower levels 
of apoE than the control level metabolize more LDL by the 
endocytosis/degradation pathway. These results were unex- 
pected since there were many reasons to believe that higher 
levels of apoE would favor the binding/association/degrada- 
tion pathway by the LDLr following the acquisition of 
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A □ without chtoroquine 

■ with chloroquino 




E-1.3yC4 HepG2 



Figure 3: Hydrolysis of [H^JCE-LDL and [H^JCE-HDLa in 
different subtypes of HepG2 cells. Cells were preincubated for ! h 
at 37 °C in the absence or presence of 100 //M of chloroquine. 
After the preincubation period, 40 fig of protein/niL of pH]CE- 
LDL or pH]CE-HDL3 were added to the wells and CE hydrolysis 
was measured as described in the Experimental Procedures. 
Incubation was conducted in parallel with 1 mg of protein/mL of 
the proper unlabeled lipoprotein to determine the level of nonspe- 
cific CE hydrolysis. Each value represents the mean ± SD of four 
experiments conducted each in duplicate. Statistical differences were 
determined with unpaired /-test, (a) Statistically different (p < 0.01) 
from the results obtained with the same cell line without chloro- 
quine. (b) Statistically different (p < 0.01) from the results obtained 
with normal HepG2 cells. 

hepatic apoE by LDL, as suggested by the study of Choi et 
al. (22) with CHO cells overexpressing apoE. The difference 
can depend either on the different cells used (type or species) 
or on the levels of apoE expression. Knowing that apoE is 
found associated with proteoglycans (5), we have investigated 
the role of such molecules on low and high apoE expressor 
cells. Our results show that heparinase I and chondroitinase 
ABC do not modify LDL association to HepG2 cells ex- 
pressing low levels of apoE. Therefore, it appears that pro- 
teoglycans do not play a significant role in LDL metabolism 
in that cell subtype. Interestingly, the same treatment on high 
apoE expressor cells increases LDL association, suggesting 
that proteoglycans bearing apoE reduces LDL association 
to the cell. Other experiments are required to define the 
mechanism involved. 

Study of HDL3 binding/association showed a similar 
pattern than that observed for LDL suggesting that our 
conclusion on proteoglycans free of apoE applies also to 
HDL3. Our degradation experiment is in agreement with the 
results of Ji et al. (76), as a very strong positive correlation 
was found between HDLs-protein degradation and the 
various apoE levels of our cells. It can be speculated that 



the effect observed on HDLs-protein degradation relates to 
an enrichment of HDL3 in apoE from the medium which 
would then redirect HDL3 to an apoE receptor such as the 
LDLr or the LRP for rapid endocytosis and degradation. This 
is supported by the demonstration of Garcia et al, (JO) that 
HDL3 are internalized in HepG2 cells by a classical endocytic 
pathway. Alternatively, the HDL-receptor responsible for the 
HDL holoparticle uptake that remains to be clearly identified 
in the liver (75), could see its degradation activity increased 
with apoE. 

Other experiments were conducted to determine the role 
of hepatic apoE in the selective uptake and processing of 
CE from LDL and HDL3. For both lipoproteins, the pattern 
of CE association was the inverse of protein association. In 
other words, instead of increasing in apoE-deficient cells 
compared to normal cells, CE association rose in cells 
overexpressing apoE. Altogether, these effects lead to an 
almost perfect correlation between apoE expression in HepG2 
cells and CE-selective uptake from both lipoproteins. Our 
immunoblotting experiments reveal that this effect cannot 
be explained by different levels of SR-BI/CLA-1 in our 
different cell types. Our findings with LDL are similar to 
the findings of Swamakar et al. (23) who showed that 
overexpression of human apoE in murine Yl adrenocortical 
cells favors the CE-selective uptake, while the effect that 
we have detected with HDL3 is in agreement with the results 
of Leblond and Marcel (75). From our results, it can be 
calculated that in our lowest and highest apoE expressing 
cells, 60 and 19% of LDL-CE enter the cell by the 
holoparticle pathway, respectively, the remaining entering 
by the CE-selective uptake pathway. Results are 100 and 
25% for HDL3-CE. In other words, it means that in low apoE 
expression cells the holoparticle pathway is favored while 
in high apoE expressor cells the vast majority of lipoprotein- 
CE is taken by a CE-selective uptake pathway. Our findings 
are supported by the knowledge that CE-selective uptake is 
important in cells that are good apoE expressor, such as 
adrenals and ovary cells. Thus, apoE can be considered as 
an activator of the CE-selective uptake pathway. Other 
experiments are needed to define the mechanism by which 
apoE exerts its effect. Another important issue is that apoE 
overexpression appears to target HDL3-CE, but not LDL- 
CE, to a nonlysosomal compartment for hydrolysis as seen 
by the loss of chloroquine sensitivity. This suggests that even 
though high levels of apoE favor the CE-selective uptake 
pathway for both LDL and HDL3, more than one receptor 
may be involved. It can therefore be proposed that, in normal 
HepG2 cells, LDL- and HDL3-CE are entering the cells by 
the same selective uptake pathway that is highly chloroquine 
sensitive and likely linked to lysosomes, while in high apoE 
expression cells, HDL3-CE but not LDL-CE are directed to 
SR-BI/CLA-l known to lead to extralysosomal hydrolysis. 
If this is true then clarifying the identity of the receptor 
different from SR-BI/CLA-1 becomes a priority. 

In conclusion, we were successful in reducing and increas- 
ing expression of apoE in HepG2 cells. We showed that 
lower levels of apoE increases binding and protein associa- 
tion of both LDL and HDL3 compared to normal cells, while 
higher apoE levels increases CE association. ApoE level was 
found to be positively correlated with HDL3, but not LDL, 
degradation. Both LDL- and HDL3-CE selective uptake were 
positively correlated with the level of apoE expressed by 



I 
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HepG2 cells. However, the selective uptake of CE from LDL 
and HDL3, in cell overex pressing apoE, appears to be 
mediated by distinct receptors as in high apoE expressing 
cells, the hydrolysis of HDLs-derived CE is largely chloro- 
quine-insensitive whereas that of LDL-derived CE is pre- 
dominantly chloroquine-sensitive. Therefore apoE has both 
similar and different effects on LDL and HDL3 metabolism. 
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Antisense therapy in oncology: new hope for an old id a? 



Ingo Tamm, Bernd Darken, Gunther Hartmann 



There Is a potential role for antisense oligonucleotides In the treatment of disease. The principle of antisense 
technology Is the sequence-specific binding of an antisense oligonucleotide to target mRNA, resulting in the 
prevention of gene translation. The specificity of hybridisation makes antisense treatment an attractive strategy to 
selectively modulate the expression of genes Involved In the pathogenesis of diseases. One antisense drug has been 
approved for focal treatment of cytomegalovlrus-lnduced retinitis, and several antisense oligonucleotides are In clinical 
trials, Including oligonucleotides that target the mRNA of BCL2, protein-klnase-C alpha, and RAF kinase. Antisense 
oligonucleotides are well tolerated and might have therapeutic activity. Here, we summarise treatment Ideas in this 
field, summarise clinical trials that are being done, discuss the potential contribution of CpG motif-mediated effects, 
and look at promising molecular targets to treat human cancer with antisense oligonucleotides. 



There is new hope that selective anticancer drugs, with 
less cytotoxic side-efifects than conventional cancer 
chemotherapy, will be developed. This optimism is based 
on the identification of new cancer-associated molecular 
sites, which could allow the selective targeting of cancer 
cells, while sparing normal cells. Several approaches are 
available to specifically manipulate gene expression at the 
DNA or RNA stage of protein synthesis. Gene therapy 
involves the integration of new genetic material into the 
genome. This approach can be used to replace defective 
genes or block the effects of unwanted ones, by the 
introduction of a counteracting gene. Gene expression can 
also be altered at the transcriptional stage by use of 
oligonucleotides that cause the formation of triple helixes. 
In this method there is no stable integration of genetic 
material into the genome. An alternative strategy is to use 
single-stranded oligonucleotides — ie, antisense oligo- 
nucleotides — ^to modify gene expression at the 
translational step. This approach is not called gene 
therapy, since the target is messenger RNA (mRNA) 
rather than a gene.' 

Antisense oligonucleotides arc unmodified or 
chemically modified single-stranded DNA molecules. 
They are 13-25 nucleotides long and are specifically 
designed to hybridise to corresponding RNA by Watson- 
Crick binding. They inhibit mRNA function in several 
ways, including modulation of splicing and inhibition of 
protein translation by disruption of ribosome assembly. 
However, the most important mechanism seems to be the 
utilisation of endogenous RNase H enzymes by the 
antisense oligonucleotides. RNase H recognises the 
mRNA-oligonucleotide duplex and cleaves the mRNA 
strand, leaving the antisense oHgonucleotides intact. The 
released oligonucleotides can then bind to other target 
RNA (figure).'-* The specificity of this mechanism has 
resulted in a new class of drugs with a wide range of 
potential clinical applications. One approved antisense 
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drug, and results of several clinical antisense drug trials, 
show the feasibility of this approach, with some evidence 
for clinical efficiency.*"" 

History 

Paterson and colleagues" were the first to publish a report 
saying that gene expression can be modified with 
exogenous nucleic acids by use of single-stranded DNA to 
inhibit translation of a complementary RNA in a cell-free 
system. In I9783 Zamecnik and Stephenson" added a 
synthetic oligonucleotide, complementary to the 
3' end of the Rous sarcoma virus, to the medium of 
chicken fibroblasts in tissue culture, along with Rous 
sarcoma virus itself. The antisense construct inhibited the 
formation of new virus, and also prevented transformation 
of chicken fibroblasts into sarcoma cells — both surprising 
results at that time. In a cell-firee system, translation of the 
Rous sarcoma viral message was also greatly impaired.'**" 
The findings presented in these initial reports showed 
that antisense oligonucleotides could inhibit gene 
expression in a sequence specific way. Until 1985, little 
further progress was made in the field, mainly for three 
reasons. First, there was doubt that oligonucleotides could 
enter eukaryotic cells. Second, the synthesis of an 
oligomer of correct sequence and sufficient length to 
hybridise well at dl^C was difficult. And finally, there was 
little information about the sequences of the human 
genome. In 1983, the existence of naturally occuring 
antisense RNAs, and their role in the regulation of gene 
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Panel 1: Antis ns oligonucleotid targets In 
oncology t sted In vitro and In animals 



Target 


Cell type analysed 


Biological 






endpolnts 




B-celMymphoma, 


Apoptosts 




melanoma, 












Cervical tumour, 


Apoptosis 










IVIuttiple tumours 


p53 activation 


BCLXL^ 


Endotliella) cells, 


Apoptosis 




lung cancer cells 






Rbrosarcoma 


Cell adhesion, 




cell line 


tumorigentcity 


RAS^ 


Endothelial cells, 


CAM expression, 




bladder cancer 


proliferation ^ 


RAP" \ 


Endothelial cells, 


CAM expression. 




smooth muscle 


proliferatiori 




■ 'Cells ' '''[^. 




.BCR-ABL«i. 


Primary pi-ogenitor . 


Adhesion, 




bone marrow cells . 


proliferation . 
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expression was proven." These observations were 
particularly important because they encouraged the 
notion that antisense oligonucleotides could be used in 
living cells to manipulate gene expression." The 
introduction of efficient methods for DNA sequencing 
and oligonucleotide synthesis led to much activity in the 
field of antisense research. One of the first published 
studies to show in-vivo activity of oligonucleotides was 
done by Whitesell and colleagues.'" The group infused a 
phosphodiester oligonucleotide directed toward N-MYC 
in the vicinity of a subcutanously transplanted 
neuroepithelioma cell line in mice. The investigators 
showed a loss of N-MYC protein, a change in cellular 
morphology, and a decrease in tumour mass in response 
to the antisense oligonucleotide, but not to the control 
oligonucleotide. Various other targets in the field of 
oncology have been analysed in vitro and in animals since 
then with encouraging results (panel 1).""" 



Rati nai drug design 

Generally, the essential steps in rational drug design are 
identification of an appropriate target responsible for a 
certain disease and development of a drug with specific 
recognition and affinity to that target. For most drugs the 
mechanism of action is not well defined. By contrast, the 
specificity of Watson-Crick hybridisation is the basis for 
rational drug design of antisense oligonucleotides, leading 
to a new class of selective protein synthesis inhibitors. At 
the same time, the elucidation of the pathogenetic role of 
individual target proteins for certain diseases is rapidly 
progressing, most notably in cancer research,^'-" 

Since antisense oligonucleotides inhibit gene expression 
in a sequence specific way, selective alteration of the 
expression of genes by use of closely related sequences is 
possible. The antisense strategy allows the detailed 
analysis of signal transduction pathways, which often 
comprise groups of highly homologous proteins. 
Furthermore, research with oligonucleotides might lead to 
the identification of new therapeutic targets and provide a 
corresponding drug at the same time. Because most 
tumour cells have a different pattern of gene expression by 
comparison with normal cells, antisense oligonucleotides 
can theoretically be used to specifically target tumour- 
associated genes, or mutated genes, without altering gene 
expression of normal cells,' 

Ciinicai tiriais 

The number of clinical trials ongoing represents a growing 
interest in antisense technology (panel 2).' Generally, 
systemic treatment with antisense oligonucleotides is well 
tolerated and side-effects are dose-dependent. Dose- 
limiting toxicities include thrombocytopenia, hypotension, 
fever, and asthenia.*'" Furthermore, an increase in 
concentration of the liver enzymes aspartate amino- 
transferase and alanine aminotransferase, as well as 
complement activation and a prolonged partial 
thromboplastin time, have been reported." 

In 1998, the first antisense drug (fomivirsen) was 
approved by the US Food and Drugs Administration 
(FDA) for the treatment of cytomegalovirus-induced 
retinitis in patients with AIDS. The inhibitory constant 
(IC5J of fomivirsen for cjrtomegalovirus-replication in 
vitro is 0-06 jimol/L, for ganciclovir the IC50 is 30-fold 
higher (2 p,mol/L). Although fomivirsen is administered 
locally (intravitreal injection), FDA approval shows the 
feasibility of antisense oligonucleotides as drugs for the 
treatment of human diseases." 

Most of the proteins involved in the pathogenesis of 
cancer operate inside the cell, and are thus not accessible 
to protein-based drugs. To target the genes, which code 
for those proteins, by use of antisense oligonucleotides, 
requires a unique target sequence in the gene of interest 
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and the design of a complementary oligonucleotide against 
the target sequence that confers biological activity.'" 

G3139 

The BCL2 group of proteins is a promising target for an 
antisense approach in oncology. BCL2 is an apoptosis 
inhibitor, which was discovered as a proto-oncogene 
located at the breakpoints of t(14;18) chromosomal 
translocations in. low-grade B-cell non-Hodgkin*s 
lymphomas. BCL2 is overexpressed in most follicular 
lymphomas, in some diffuse large-cell lymphomas, and in 
chronic lymphocytic leukaemia.'' The oncogenic impetus 
of raised Bcl2 expression was verified in Bd2 transgenic 
mice. These mice accumulated excess non-cycling mature 
B lymphocytes." High concentrations of BCL2 are 
associated with relapse in acute myelogenous leukaemia 
and in acute lymphocytic leukaemia." The BCL2 group of 
proteins has been implicated not only in the pathogenesis 
of cancer but also in resistance to cancer treatment. 
Anticancer drugs and radiation ultimately destroy cells by 
induction of apoptosis. BCL2 blocks caspase activation in 
tumour cells at the mitochondrial stage, which prevents 
apoptosis induced by radiation and available 
chemotherapeutic drugs.*" 

In a phase I study,* the pharmacokinetics, toxicity, and 
therapeutic activity of an antisense oligonucleotide 
targeting the mRNA of BCL2 was assessed. 2 1 patients 
with BCL2-positive relapsed non-Hodgkin*s lymphoma 
were given a 14-day subcutaneous infusion of an 18-mer 
phosphorothioate oligonucleotide complementary to the 
first six codons of the BCL2 open reading fi-ame (G3139). 
Eight cohorts of patients received doses between 4*6 and 
195-8 mg/m* daily. No important systemic toxicity was 
seen at daily doses up to 110-4 mg/m^ All patients had 
skin inflammation at the infusion site. Dose-limiting 
toxicities in this study were thrombocytopenia, 
hypotension, fever, and asthenia. The maximum-tolerated 
dose was 147-2 mg/m* daily. By standard criteria, there 
was one complete response, two minor responses, nine 
patients with stable disease, and nine with progressive 
disease. BCL2 was reduced in seven of 16 assessable 
patients as measured by fluorescence-activated cell sorting. 
In two of these seven patients, reduced concentrations of 
BCL2 were detected in tumour cells derived fi-om lymph 
nodes, and in the other five, in peripheral blood or bone 
marrow mononuclear cell populations. Expression of 
HLA, which was used as a control protein, was not 
affeaed by antisense therapy. On the basis of their results 
the researchers concluded that BCL2 antisense therapy 
was feasible, that it showed potential for antitumour 
activity in non-Hodgkin's lymphoma, and that down- 
regulation of BCL2 but not HLA suggests a specific 
antisense mechanism.' However, it is noteworthy that 
BCL2 was diminished in less than half of the treated 
patients. The mean inhibition of BCL2 expression was 
moderate (24%) and the biological importance of this 
relatively small decline is uncertain." A phase II trial is 
underway with G3139 in combination with standard 
chemotherapy for patients with relapsed, chemotherapy- 
resistant non-Hodgkin*s lymphoma. 

Overexpression of BCL2 is not uncommon in non-B 
cell mahgnant tumours. Human melanoma expresses 
BCL2 in up to 90% of all cases.*' Jansen and colleagues" 
showed that G3139 improves the chemosensitivity of 
human melanoma transplants in severe combined 
immunodeficient mice. Additionally, in a phase Ml 
study," Jansen's group tested the combination of G3139 
and dacarbazine in patients with advanced malignant 
melanoma. In a within-patient dose-escalation protocol, 



G3139 0-6-6-5 mg/kg was given intravenously or 
subcutanously to 14 patients with advanced malignant 
melanoma along with standard dacarbazine treatment 
(total doses up to 1000 mg/m^ per cycle). In serial tumour 
biopsy samples, BCL2 concentrations were measured by 
immunoblot, and apoptosis of tumour cells was assayed. 
The combination regimen was well tolerated with no dose- 
limiting toxicity. Haematological abnormalities were mild 
to moderate. Lymphopenia was common, but no febrile 
neutropenia arose. High doses of G3139 were associated 
with transient fever. Four patients had liver-function 
abnormalities that resolved within 1 week. Steady-state 
plasma concentrations of G3139 were obtained within 
24 h and increased with the administered dose as assessed 
by liquid chromatography. By day 5, daily doses of 
1-7 mg/kg and higher led to a median decrease of BCL2 
expression of 40% in melanoma samples compared with 
baseline. Reduced BCL2 expression was associated with 
increased apoptosis of tumour cells. Apoptosis was further 
enhanced after dacarbazine treatment. Six of 14 patients 
showed antitumour responses (one complete, two partial, 
three minor). The estimated median survival of all patients 
was more than 12 months, which compares favourably 
with survival of stage IV malignant melanoma patients 
(usually 6-9 months with and without treatment). This 
study is worth mentioning because it was the first antisense 
trial in which downregulation of the target protein in the 
target tissue was shown. Based on the promising results of 
this study, the combination of dacarbazine and G3139 
therapy in patients with malignant melanoma received 
fast-track approval by the FDA, and is in a phase III 
multicentre trial. 

Phase I and 11 studies"** are also being done to test 
G3139 in combination with docetaxel in patients with 
advanced breast cancer, hormone-refiractory prostate 
cancer, and other solid tumours. Another phase I study*' is 
analysing the combination of G3139 and mitoxantrone in 
patients with hormone refiractory prostate cancer. In 21 
individuals treated so far, toxicities were transient and 
included neutropenia (grade 3), lymphopenia (grade 2), 
fatigue, arthralgias, and myalgias (all grade 1). No dose- 
limiting toxicities were reported for the doses tested, and 
one patient had a greater than 50% response to prostate 
specific antigen with symptomatic improvement in bone 
pain. Another phase I study has been started to test G3 139 
together with salvage chemotherapy of fludarabine and 
cytarabine in patients with refractory or relapsed acute 
myelogenous leukaemia or acute lymphocytic leukaemia. 
Furthermore, a phase I/II trial of a combination treatment 
of G31 39 and irinotecan has been initiated in patients with 
metastatic or recurrent colorectal cancer. So far, no results 
are available for these two trials. 

ISIS 3521 

Another target of antisense oligonucleotides is protein 
kinase C-alpha (PKC-alpha). PKC-alpha belongs to a 
class of serine-threonine kinases whose involvement in 
oncogenesis is suggested by the fact that they are the major 
intracellular receptors for tumour-inducing phorbol esters. 
Results of a phase I study" suggested that an antisense 
oligonucleotide directed against PKC-alpha (ISIS 3521) 
might be effective in the treatment of low-grade 
lymphoma. In this trial ISIS 3521 was delivered over 21 
days by continuous intravenous infusion followed by a 
7-day rest period,' Doses were increased firom 0-5 to 
-3-0 mg/kg daily, 21 patients with incurable malignancies 
were treated in five patient cohorts. The maximum 
tolerated dose was 2 0 mg/kg daily, equivalent to 
pharmacologically active doses against human xenografts 
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in mice. The dose-limiting toxicities were thrombo- 
cytopenia and fatigue at a dose of 3 0 mg/kg per day. 
Evidence of tumour response lasting up to 11 months was 
seen in three of four patients with ovarian cancer. 

Updated results of a phase l/U trial of ISIS 3521 
combined with carboplatin and paclitaxel in patients with 
stage IIIB or IV non-small-cell lung cancer (NSCLC) have 
been reported.**" In 24 evaluable patients with NSCLC, 
46% had a partial response and 33% had a minor response 
or stable disease. The median time to progression was 
6-5 months. The 1 year survival was 78% with a median 
survival of 18 months. Typical survival of patients 
receiving standard chemotherapy alone is about 8 months. 
Toxicity consisted of neutropenia (grade 3 in six patients 
and grade 4 in eight patients) and thromboc3^openia 
(grade 3 in six patients and grade 4 in two patients). Thus, 
the combination of ISIS 3521, carboplatin, and paclitaxel 
was well tolerated, and showed promising activity in 
NSCLC. On the basis of these results, a 600-patient, 
randomised phase m clinical trial of ISIS 3521 in 
combination with chemotherapy for NSCLC has started. 

Alavi and colleagues** tested the efficacy, toxicity, and 
pharmacology of ISIS 3521 delivered as a 21 day 
continous intravenous infusion in patients with recurrent 
high grade astrocytomas. Toxicities were mild and 
reversible. There is no evidence of a clinical benefit so far. 
Median time to progression was 35 days after entering the 
protocol and median survival was 93 days. 

ISIS 5132 

Other attractive targets for antisense therapy in oncology 
are RAF kinases and RAS. RAF kinases are 
serine/threonine kinases that regulate mitotic signalling 
pathways, most notably the mitogen-activated protein 
kinase pathway that transmits signals from RAS. C-RAF 
has been reported to bind to BCL2 and to be involved in 
the regulation of apoptosis. The RAS oncogene is 
deregulated or mutated more firequently than any other 
oncogene studied in human cancer.*'" In several tumours, 
including breast and NSCLC, the expression of RAS is a 
prognostic factor." In pancreatic cancer, for which 
standard therapy is strikingly ineffective, 95% of all cases 
show RAS mutations.*' This finding suggests that 
alterations in this pathway play a significant part in the 
pathogenesis of cancer." 

An antisense oligonucleotide directed to the 3' 
untranslated region of the c-RAF mRNA (ISIS 5132) 
inhibited the grovi^ of human timiour cell lines in vitro 
and in vivo in association with specific down-regulation of 
target message expression. In a phase I trial, changes in 
Q-RAFl mRNA expression were analysed in peripheral 
blood mononuclear cells collected firom patients with 
advanced cancers treated with ISIS 5132. Significant 
reductions of c-RAFl expression from baseline were 
detected in 13 of 14 patients. Two patients, both of whom 
had shown tumour progression with previous cytotoxic 
chemotherapy, exhibited long-term stable disease in 
response to treatment with antisense oligonucleotides. The 
researchers suggest that peripheral blood mononuclear 
cells can be used to confirm antisense-mediated inhibition 
of the target protein in vivo." However, the decrease in 
c-RAFl expression in total peripheral blood mononuclear 
cells could represent changes in the proportion of 
leucocyte populations due to non-antisense-mediated 
immune stimulation, so this method does not provide 
proof for an antisense specific effect. 

In a phase I trial, 31 patients with advanced 
mahgnancies received ISIS 5132 as a 2-h intravenous 
infusion three times every week for 3 consecutive weeks, 



with doses ranging firom 0-5 to 6 0 mg/kg.' Clinical 
toxicities included fever and fatigue, neither of which were 
dose limiting. Two patients experienced prolonged disease 
stabilisation for more than 7 months. In both of these 
cases, this stabilisation was associated with reduction in 
c-RAFl expression in peripheral blood mononuclear cells. 

Cunnin^am and co-workers' reported the results of a 
trial testing continuous intravenous infusion of ISIS 5 1 32 
for 21 days every 4 weeks in 34 patients with various solid 
tumours refractory to standard therapy. Toxicities up to 
4 0 mg/kg were not dose limiting. Doses of 2'0-4-0 mg/kg 
are comparable to doses in mice at which activity was seen 
in human xenograft models. Grade 3 fever arose in two of 
34 patients treated. One patient treated with 5*0 mg/kg 
had fever as a dose-limiting toxicity. Three patients 
developed grade 3 or 4 thrombocytopenia and one had 
grade 3 leucopenia. Two patients developed sepsisi one of 
them, while septic, manifested grade 4 thrombocytopenia, 
grade 4 hyperbilirubinemia, and a grade 3 increase in 
aspartate aminotransferase, the other developed grade 4 
thrombocytopenia. Leucopenia was mild, and no patient 
had neutropenia. One patient with ovarian cancer 
refractory to therapy had a large reduction in 
concentrations of the cancer biomarker CA125 (97%), 
and two other patients had prolonged disease stabilisation 
for 9 and 10 months. 

Phase n trials of ISIS 5132 have begun. There is no 
evidence of single agent activity of ISIS 5132 in pretreated 
patients with recurrent ovarian cancer." In one study, 22 
patients were treated at a dose of 4 mg/kg daily by 21 -day 
continous intravenous infusion every 4 weeks. ISIS 5132 
was well tolerated with no grade 3 or 4 haematological or 
biochemical toxicity. There were six documented episodes 
of grade 3 non-haematological toxicity (two lethargy, one 
anorexia, two pain, one shortness of breath). No objective 
clinical response was seen. Three patients had stable 
disease for a median of 3*8 months, and the other 
evaluable patients had documented progressive disease. 
No patient had a decrease in CA125 of 50% or more. The 
outcome of other phase II clinical studies, including some 
in prostate and colon cancer, will be available shortly. 

ISIS 2503 

A 20-base phosphorothioate antisense oligonucleotide 
(ISIS 2503), which binds to the translation initiation 
region of human HRAS mRNA, selectively reduced the 
expression of HRAS mRNA and protein in cell culture. In 
a phase I trial, ISIS 2503 caused no dose-limiting toxicity 
at doses up to 10 mg/kg daily by 14-day continous 
intravenous infusion. A non-toxic dose of 6 mg/kg daily 
was selected for further study. A phase II trial of ISIS 2503 
as first line treatment for patients with untreated stage IV 
or recurrent colorectal carcinoma is in progress. In an 
interim analysis, 17 patients had received 38 cycles. 
Toxicity was limited to grade 1-2 fever and grade 1 
thrombocytopenia in three patients. Two patients had 
stable disease after 3 and 6 cycles of treatment.'* 

OMYB antisense oligonucleotide 

Autologous transplantation has become part of the routine 
management of many haematological malignancies. 
However, many patients relapse after the procedure. 
Results of gene marking studies suggest that 
contamination of tumour cells, which are inadvertently 
reinfused with the graft, might contribute to relapse in 
acute myelogenous leukaemia and chronic myelogenous 
leukaemia, Antisense oligonucleotides against c-myb have 
been used to purge haematopoietic cell harvests firom 
patients with chronic myelogenous leukaemia before 
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autologous transplantation.' " C-MYB is a nuclear binding 
protein that controls the passage through the Gl/S phase 
of the cell cycle and might play an important part in 
haematopoiesis. Although expression is not restricted to 
leukaemic cells, leukaemic progenitors might be more 
susceptible to inhibition of c-MYB than normal 
progenitors in vitro. In a clinical pilot study, 
oligonucleotide purging was done for 24 h on CD 34+ 
marrow cells. Patients received busulfan and 
cyclophosphamide, followed by reinfiision of previously 
cryopreserved oligonucleotide purged mononuclear cells. 
Seven patients with chronic myelogenous leukaemia in 
chronic phase and one in accelerated phase were treated. 
Seven of eight patients were engrafted. In four of six 
assessable patients with chronic myelogenous leukaemia, 
metaphases were 85-100% normal 3 months after 
engraftment, suggesting a huge purge in the marrow graft.' 
A phase II study has been initiated to assess the use of a 
c^MYB antisense oligonucleotide to purge bone marrow 
ft-om clonogenic chronic myelogenous leukaemia cells for 
subsequent autologous transplantation after treatment 
with high-dose busulfan or cyclophosphamide. 

MG 98 

Hypermethylation by the enzyme DNA methyltransferase 
has been postulated to inactivate tumour suppressor 
genes, resulting in neoplastic transformation and 
tumorigenesis. Drugs that prevent or reverse DNA 
methylation might therefore restore control of growth of 
cancer cells. MG 98 is a phosphorothioate ' antisense 
oligonucleotide, which specifically inhibits translation of 
the mRNA for human DNA methyltransferase with an 
IC50 of 50-70 nmol/L in tumour cell lines. Delay of 
tumour growth and tumour regression in response to 
MG 98 were seen in human lung and colon cancer 
xenografts. In a phase I study, researchers investigated the 
effect of MG 98 given as a continuous 21 -day intravenous 
infusion administered at 4-week intervals. In an interim 
analysis, nine patients with solid cancers received ten 
courses of therapy at doses up to 240 mg/m^ daily. Dose 
limiting drug-related increases of transaminases (grade 3) 
were encountered in two of two patients at the 240 mg/m^ 
dose. Other toxicities were minor. Biologically relevant 
concentrations for the inhibition of human DNA 
methyltransferase mRNA were achieved with the lowest 
dose assessed (40 mg/m' daily)." MG 98 is in phase 11 
clinical trials. 

GEM 231 

Several advanced chemical modifications have been used 
to improve specificity, pharmacokinetics, and safety 
profiles of phosphorothioate oligonucleotides. Of note, 
these so-called mixed-backbone oligonucleotides permit 
oral and colorectal administration as a result of their 
increased in vivo metabolic stability. One of these 
compounds, GEM 231, is designed to interfere with the 
production of the Rl-alpha regulatory subunit of protein 
kinase A (PKA), a cellular growth-promoter whose 
concentration is increased in a wide variety of cancer cells. 
PKA is overexpressed in most human cancers, correlating 
with worse clinicopathological features and prognosis in 
ovarian and breast cancer patients. After oral or 
intraperitoneal administration, GEM 231 had dose- 
dependent in-vivo antitumour activity in severe combined 
immunodeficient and nude mice bearing xenografts of 
human cancers of the colon, breast, and lung." In a 
phase I clinical study, preliminary data show that 
escalating doses of GEM 231 are well tolerated when 
given twice every week by intravenous injection. Repeated 



doses of up to 360 mg^m^ (equivalent to a 7-9 mg/kg 
range) were administered over periods of up to 10 weeks. 
There are phase I studies ongoing, which are testing the 
safety of GEM 231 in combination with docetaxel or 
paclitaxel in patients with advanced cancers. Preliminary 
results suggest that GEM 231 produces only mild and 
reversible side-effects and does not increase the side- 
effects produced by the taxanes. 

Non-atitisense action of oligonucleotides 

Like other new technologies, antisense faces several 
methodological limitatitons, including oligonucleotide 
stability versus binding affinity, delivery of oligo- 
nucleotides to the target cells, and non-antisense effects of 
oligonucleotides. There has been good progress in 
antisense technology over the past years, and most of these 
issues have been addressed in reviews. '"^'^'"•" Here, we will 
summarise information that has improved our 
understanding of non-antisense-mediated biological 
effects of oligonucleotides. 

Immune stimulation is widely recognised as an 
undesirable side-effect of certain antisense oligo- 
nucleotides, which can interfere with therapeutic activity. 
With respect to the clinical application of oligonucleotides, 
in this review we concentrate on their stimulatory effects in 
the human immune system. The immunostimulatory 
activity of unmodified phosphodiester oligonucleotides is 
strongly dependent on the presence of unmethylated CG 
dinucleotides in certain base contexts, so-called CpG 
motifs (GTCGTT in human beings, GACGTT in mice)." 
Of note, the phosphorothioate backbone, which is 
generally used in antisense oligonucleotides to provide 
stability against nucleases^ has immunostimulating 
properties itself, which are independent of the sequence." 
The immunostimulatory activity of a phosphorothioate- 
modified oligonucleotide is largely unpredictable, and has 
to be ascertained experimentally. Strong immuno- 
stimulatory activity is likely if the sequence starts with a 
TC at the 5' end, and if the sequence contains CG 
dinucleotides (eg, CpG ODU206, prototype to stimulate 
human immune cells),"-*' Inmiime stimulation might be 
avoided in antisense oligonucleotides by the selection of 
CG-fi'ee target sequences, by the use of oligonucleotide 
backbones that do not support immune stimulation, or by 
selective methylation of the cytosine in any CG 
dinucleotide. 

CpG-dependent immune stimulation of a DNA 
molecule represents a highly evolved immune defense 
mechanism whose actual goal is the detection of microbial 
nucleic acids," By contrast with vertebrate DNA, in which 
CpG dinucleotides are suppressed and highly methylated, 
microbial genomes do not generally feature CpG 
suppression or methylation. Inunune effector cells, such as 
B cells and dendritic cells, seem to have evolved pattern 
recognition receptors that, by binding the microbe- 
restricted structure of CpG motifs, trigger protective 
immune responses." CpG oligonucleotides, which are 
designed to provide optimum immune stimulation, are 
promising anticancer drugs. They are being tested in 
several clinical trials including ones for non-Hodgkin 
lymphoma, melanoma, basal cell carcinoma, and kidney 
cancer.** Although specific immune activation by an 
oligonucleotide seems to have various potential 
therapeutic applications, it is generally undesirable in 
antisense oligonucleotides. 

Several of the most advanced antisense oligonucleotides 
in clinical trials against cancer contain CG dinucleotides." 
An antisense oligonucleotide directed against the mRNA 
of BCL2 (G3139) and used in some of the clinical trials 
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described above contains two CG dinucleotides and a TC 
at the 5' end. It is noteworthy that this sequence was 
successfully used as an immunostimulatory CpG 
oligonucleotide in animal tumour models." Klasa and 
colleagues" showed that G3139 has reduced but still 
considerable therapeutic activity in a human lymphoma 
xenograft in severe combined immune deficient mice, 
which lack T cells and natural killer cells. From their 
results the authors concluded that the therapeutic activity 
of this oligonucleotide is largely due to an antisense 
mechanism. However, macrophages, which are still 
present in these immunodeficient mice, might contribute 
to the antitumour activity of this antisense oligonucleotide. 
Furthermore, an oligonucleotide with the same sequence 
as G3139 directly induced activation and differentiation of 
primary human non-Hodgkin lymphoma cells by a CpG- 
dependent mechanism," Even if a tumour (ie, melanoma) 
is not sensitive to direct CpG-mediated activation, CpG- 
induced stimulation of the immime system might still be 
involved in eliminating the tumour in vivo. Thus, the 
relative contribution of a specific antisense mechanism 
versus immune stimulation, particularly of G3139, is still 
controversial. 

New taigets 

There are several new potential targets for specific 
antisense treatment of human cancer. The inhibitor of 
apoptosis (lAP) family of proteins constitute a group of 
apoptosis suppressors (XIAP, c-IAPl, C-IAP2, NAIP, 
survivin, apoUon, livin), which are conserved throughout 
animal evolution, with homologues in flies, worms, mice, 
and people.*' " These proteins function as direct inhibitors 
of certain caspases.^'-" Since caspases are central for most 
apoptotic pathways, the fact that lAPs protect cells firom 
several anticancer drugs and other inducers of apoptosis is 
not surprising. 

C-IAP2 at llq21, and a newly discovered gene, MLTat 
18q21, are involved in t(llil8)(q21;q21) associated with 
mucosa-associated lymphoid tissue (MALT) lymphoma." 
The translocation suggests a role for C-IAP2 in the 
pathogenesis of MALT-lymphoma, since this rearrange- 
ment occurs in about 50% of low-grade MALT- 
lymphomas.'* Antisense oligonucleotides that target either 
the C-IAP2/MLT breakpoint or one of the two partners 
involved in the fusion protein in MALT-lymphoma cells, 
could potentially alter the antiapoptotic function of C-IAP2 
and induce cell death in MALT-lymphoma cells. 

Another antiapoptosis molecular target is survivin. 
Survivin is overexpressed in a large proportion of human 
cancers, providing evidence that altered expression of 
these proteins occurs during tumorigenesis."'™ In 
colorectal, gastric, breast, bladder, and lung cancers, as 
well as in diffuse large B-cell lymphoma, survivin 
expression is associated with shorter survival."-** In 
neuroblastoma, survivin expression correlates with a high 
stage of disease." Interestingly, survivin is expressed in a 
cell cycle dependent manner, with highest concentrations 
in G2/M and rapid downregulation after cell cycle arrest." 
At the beginning of mitosis, survivin associates with the 
mitotic spindle. Disruption of this interaction results in a 
loss of its antiapoptotic function." Some researchers have 
suggested that survivin fi-ees cyclin dependent kinase 4 
(CDK4) fi-om the cyclin dependent kinase inhibitor, 
pl6CDK4 then translocates into the nucleus where it 
initiates the S-phase of the cell cycle." The overexpression 
of survivin in cancer might thus overcome cell cycle 
checkpoints and favour aberrant progression of 
transformed cells through mitosis. Survivin, therefore, 
bridges apoptosis and cell cycle. Mutation of a conserved 
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cysteine in the survivin baculovirus-inhibitory repeat (BIR) 
domain abolishes the cytoprotective abilities of survivin. 
However, the BIR mutant retains the ability to associate 
with microtubules similar to wild-type survivin, and 
interferes with the function of endogenous survivin by 
competing for microtubule binding." Thus, in contrast to 
p53, which links DNA replication in the S phase of the cell 
cycle to apoptosis, survivin seems to couple the cell-suicide 
response to the checkpoint machinery involved in later 
cell-cycle steps (G2/M).«'^" An antisense oligonucleotide, 
targeting nucleotides 232-251 of human survivin mRNA, 
has been shown to induce apoptosis in lung cancer cell 
lines, and to sensitise cells to chemotherapy. Moreover, 
blockade of survivin expression induces apoptosis in 
myeloma cell lines.'" 

Other potentially interesting targets are proteins 
collectively known as heat shock proteins (HSP). HSPs are 
among the most conserved proteins known and include a 
number of diflferent families." Among the best analysed 
HSPs are HSP70 and HSP27. These two proteins possess 
cytoprotective activity and are frequently overexpressed in 
human cancer. Results of gene transfer experiments have 
shown that HSP70 and HSP27 not only confer resistance 
against heat stress,"" but also against most apoptotic 
stimuli such as tumour necrosis factor, ceramide, 
ultraviolet radiation, caspase-3 overexpression, and several 
chemotherapeutic drugs." HSP expression in certain 
cancer types correlates with poor prognosis and resistance 
to treatment. In breast cancer, HSP70 expression is a 
useful prognostic marker for much shorter disease-free 
survival, increased cell proliferation, and poor 
differentiation, as well as lymph node metastases. 
Furthermore, HSP70 inversely correlates with the 
response of breast cancer to combination chemotherapy. 
In ovarian cancer, HSP27 expression increases with 
advanced stage, and high HSP27 content in tumour cells 
is associated with greatly reduced survival." Similarly, 
HSP27 is a marker of poor prognosis in osteosarcoma."*" 
The data suggest that HSP27 and HSP70 are interesting 
new targets for a specific antisense-based tumour 
treatment. 

Certain chromosome abnormalities, especially trans- 
locations, are associated with particular subtypes of 
leukaemia, lymphoma, and sarcoma. Among these are the 
translocations involving ^AfL/ on 21q22, MLL on nq23, 
and TEL on 12pl3. Abnormalities of these genes account 
for a large proportion of patients with acute lymphocytic 
leukaemia and acute myelogenous leukaemia.'* Cloning of 
translocation breakpoints results in unique diagnostic tools 
for fluorescence in situ hybridisation and molecular 
analysis of leukaemic cells. Advances in understanding the 
alterations in the function of the fusion genes compared 
with normal genes provide insights with respect to new 
therapeutic strategies, including antisense therapy.'* 

Virtually all of the translocations in myeloid leukaemias 
result in a unique fusion or chimeric gene. In the case of 
the t(8;21) translocation, the 5' section of AMLl on 
chromosome 21, including the DNA-binding domain, is 
fused to virtually all of the ETO gene on chromosome 8. 
AMLl is also called CBF2, because it codes for the DNA- 
binding component of core-bmding factor. AMLl is an 
essential gene, which regulates the expression of several 
other genes important in haematopoietic cell development, 
function, and differentiation, such as myeloperoxidase, 
interleukin-3, granulocyte-macrophage colony-stimulating 
factor, colony-stimulating factor-1 receptor, and the T-cell 
receptor The t(8;21) is among the most common 
rearrangements in acute myelogenous leukaemia, 
accounting for about 9% of all patients with the disease. 



THE LANCET • Vol 358 • August 1 1, 2001 



REVIE\X^ 



Thus, to target one causal gene with antisense 
oligonucleotides in leukaemia patients might be 
advantageous. The list of fusion proteins that might act as 
targets for antisense therapy in leukaemias and lymphomas 
is long and includes, for example, the translocation 4^ 1 1 in 
acute lymphocytic leukaemia, which is associated with a 
bad prognosis, and t(l 1;14) in mantle cell lymphoma,'*" 

Other new targets for antisense therapy are involved in 
tumour cell proliferation, angiogenesis, and metastasis — 
eg, growth factor receptor tyrosine kinases such as the 
epidermal growth factor receptor; transcription factors 
such as NF-kB, HER-2/neu, cyclin-dependent kinases, 
and telomerase (proliferation); the vascular endothelial 
growth factor receptor and the basic fibroblast growth 
factor receptor (angiogenesis); and matrix metallo- 
proteinases, angiogenin and integrins (angiogenesis and 
metastasis)."'" 

Future perspectives 

New hope for the idea of antisense is provided by the 
results of a study done by Jansen and colleagues," which 
show that, besides the clinical benefit for patients with 
advanced melanoma, systemic treatment with antisense 
oligonucleotides results in the downregulation of the target 
protein within the target tissue. This study is a milestone 
in the field of antisense, since the results surest that the 
principle of antisense works, not only with local treatment, 
as shown with fomivirsen," but also with systemic 
treatment with antisense oligonucleotides. If this study is 
seen as proof of principle, it might now pave the way for 
development of antisense oligonucleotides for various new 
potential targets for the treatment of cancer. Once the 
mechanism for one antisense oligonucleotide is 
established, the door is open for combination treatment 
with several oligonucleotides, targeting various oncogenes, 
to overcome tumour escape and to improve therapeutic 
activity of this approach. 

However, careful assessment of future controlled studies 
is needed to confirm antisense-mediated dowruregulation 
of the target protein in a larger number of patients and for 
other antisense oligonucleotides. In the end, we might find 
that a sound proof of principle is virtually impossible in a 
clinical trial, because of limitations imposed by the lack of 
adequate controls. In addition to the possibility of specific 
antisense-mediated inhibition of the target oncogene, 
decreased concentrations of the oncogene would also be 
expected as a consequence of oligonucleotide-induced 
antitumour effects other than antisense. 

Besides antisense-mediated inhibition of the target 
protein, one of the effects likely to be involved in 
antitumour action of certain antisense oligonucleotides is 
their immunostimulatory effect based on the presence of 
CG dinucleotides within the sequence. Of note, the BCL2 
antisense oligonucleotide, the most promising 
oligonucleotide to date, and the only one for which 
downregulation of the target protein within the target 
tissue has been shown, is a CpG oligonucleotide as well." 
CpG oligonucleotides with optimised immunostimulatory 
activity but no antisense sequence are in clinical 
development for the immunotherapy of cancer, and could 
become established as a second pathway of 
oligonucleotides-based therapy in oncology. 

However, there is clear evidence for antisense-mediated 
target protein inhibition by antisense oligonucleotides. 
When directed against VEGF, oligonucleotides lack CG 
dinucleotides, but still show potent in vivo effects. 
Oligonucleotides with new backbone modifications other 
than phosphorothioate (ie, 2'-0-methoxy-ethoxy, 
morpholino) or with methylated cytosines are non- 



immunostimulatory but are potent inhibitors of target 
protein expression. The future of antisense is likely to be 
based on these new generation compounds. 

Proof of clinical efficacy, of any of the antisense 
oligonucleotides in the field of oncology, is still missing. 
Large controlled trials are needed to show that antisense 
oligonucleotides arc better than other treatment 
approaches. However, if this goal is achieved without a 
clear proof of principle, the major dilemma of antisense is 
still unresolved. The beauty and future potential of 
antisense depends on the design of multiple drugs based 
on our increasing knowledge of genes and their functions. 
Only if the therapeutic activity of an antisense 
oligonucleotide is defined by the antisense sequence, and 
thus is to some extent predictable, will the future for 
antisense-based drugs become bright. Otherwise, even if 
particular antisense oligonucleotides become established 
for systemic treatment of cancer, antisense will not be 
better than other drug development strategies, most of 
which depend on an empirical approach. 
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Antisense therapeutics, is it as 
simple as complementary base 
recognition? 



Sudhir Agrawahand Ekambar R. Kandimaila 



Antisense oligonucleotides provide a simple and efficient approach for developing target-selective drugs 
because they can modulate gene expression sequence-specifically. Antisense oligonucleotides have also 
become efficient molecular biological tools to investigate the function of any protein in the cell. As the 
application of antisense oligonucleotides has expanded, multiple mechanisms of oligonucleotides have 
been characterized that impede their routine use. Here, we discuss different mechanisms of action of 
oligonucleotides and the possible ways of minimizing antisense-related effects to improve their specificity. 



SINCE the first report of the use of antisense oligodeoxynucleotides to 
inhibit Rous sarcoma virus gene expression', there has been tremen- 
dous progress in the understanding and application of antisense 
oligodeoxynucleotides. Simplicity, rational design, the inexpensive 
availability of synthetic oligodeoxynucleotides and developments in 
human genome sequencing have contributed to this progress. In addi- 
tion, antisense technology has become an essential laboratory tool to 
study and understand the function of any newly discovered genes in 
recent years. In principle, the antisense approach should allow the de- 
sign of drugs that specifically intervene with the expression of any 
gene whose sequence is known. 

Chemical modification of the natural phosphodiester backbone is 
necessary to prevent its rapid degradation by ubiquitous nucleases. Of 
all the chemical modifications developed, phosphorothioate 
oligodeoxynucleotides (PS-oligonucleotides) are the most exten- 
sively studied analogs of the phosphodiester oligonucleotides and sev- 
eral are currently under evaluation for their therapeutic potential in 
human clinical trials. In PS-oligonudeotides, one of the non-bridging 
oxygens of the phosphate is replaced with a sulfur in order to prevent 
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rapid degradation by nucleases (Fig. 1). In addition to nuclease resist- 
ance, PS-oligonudeotides possess important properties such as bind- 
ing affinity to the target (mRNA), cellular uptake, aqueous solubility 
and the ability to activate RNase H, which is required for antisense ac- 
tivity^l As a result of these inherent favorable properties, PS-oligonu- 
cleotides have become the choice as the first generation of 
antisense molecules in hundreds of studies in cell cultures and animal 
models^^ Recently, a PS-oligonucIeotide targeted to human cyto- 
megalovirus (CMV) has been approved for the treatment of CMV- 
induced retinitis*. Many other antisense oligonucleotides are at 
various stages of clinical development (Table 1). 

As the number of reports of the use of PS-oligonucleotides in the 
literature increased, it became evident that the use of PS-oligonu- 
cleotides as antisense agents might not be as simple as initially ex- 
pec ted^^-^ The effects observed in many studies could be attributed to 
the antisense mechanism, but the effects observed in others could 
not^-l These non-antisense effects could be the result of the presence of 
certain sequence motifs and/or secondary structures (due to self-com- 
plementarity) in the PS-oligonucleotides or they could be related to 
their polyanionic nature. These other modes of action of PS-oligonu- 
cleotides often overlapped with the mechanism of action and speci- 
ficity of antisense oligonucleotides. It is now becoming evident that 
such defined factors can directly or indirectly influence the specificity 
and mechanism of action of antisense oligonucleotides. 

In this article, the different mechanisms of action of PS-oligonu- 
deotides that confuse the understanding of antisense effects are dis- 
cussed. In addition, methods for the reduction or minimization of these 
complications by implementation and adherence to certain guidelines 
for the design and study of antisense oligonucleotides in vitro and in 
vivo are described. These descriptions cover not only the development 
of therapeutics, but also functional genomics applications, such as 
elucidating the biological function of any newly discovered gene by 
inhibiting its translation. 
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(a) Phosphorothioate (b) End-modified mixed-backbone (c) Centrally-modified mlxed- 

oligodeoxynucleotides oligonucleotides backbone oligonucleotides 
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Figure 1. Structures of phosphorothioate (a), end-modified mixed-backbone (b), and centrally-modified mixed-backbone oligonucleotides (c). In (b) and (c) only 2'-0- 
methylribonucleotide modification is shown in MBOs. Any chemical modification that reduces potyanion-related side effects and increases antisense specificity can be 
used in both the end- and centrally-modified MBOs. The advantage of MBOs is that, although they retain the advantage of PS-ollgonucleotides (RNase H activation), 
the inherent side effects can be minimized. The placement of methytphosphonate linkages (not shown in figure) at the ends reduces the overall pofyanionic-related side 
effects, and increases the in vivo stability by protecting both the ends of the PS-oligonucleotide from digestion by nucleases. Similarly, placement of 2'-0-methyl- 
ribonucleotide segments provides increased affinity to the target mRNAand in vivo stability. Placement of modified segments in the center provides a handle on mod- 
ulating the rate of degradation, the nature of metabolites being generated in vivo and the elimination of those metabolites. The modification that confers higher stabil- 
ity against nuclease digestion provides two advantages: longer duration of action to enable less frequent dosing and the presence of fewer degradation metabolites to 
decrease the possible side effects from such metabolites. 



Mechanisms of action of PS-oligonucleotides 

Theoretically, it is very simple to design oligonucleotides to inhibit the 
translation of encoded proteins by the antisense mechanism. In princi- 
ple, an antisense oligonucleotide is designed to inhibit expression of 
specific unwanted protein by hybridizing to the target mRNA through 
Watson-Crick complementary base recognition, thereby physically 
blocking the ribosomal machinery and/or activating endogenous 
RNase H that cleaves die mRNA at the duplex site. There are numer- 
ous examples in which PS-oligonucleotides of varying lengths and 
base compositions have been employed to inhibit the translation of 
cellular or foreign genes by an antisense mechanism^-". 



A major question that remains to be answered, however, is whether 
the inhibition of expressed protein or the subsequent biological effects 
observed are the result of a bona fide antisense mechanism. Detailed 
studies of the impact of PS-oligonucleotide sequence on their mecha- 
nism of action and specificity clearly suggest that sequence is a crid- 
cal factor for many PS-oligonucleotides. 

CpG motifs and immunostimulation 

PS-oligonucleotides containing CpG motifs have immunosdmulatory 
activity they induce many cytokines, including IL-I2, lL-6, IFN-7, 
TNF-a and chemokines'^'l Their immunostimulatory properties 
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Table 1. Oligonucleotides in clinical trials^ 



Molecular 


Sequence^ 


Disease 


Route of 


Status 


target 




target 


delivery 




Oncological and hematologicai diseases 








bcl-2 


5'-TCTCCCAGCGTGCGCCAT-3' 


Prostate; non-Hodgkin's lymphoma 


Systemic, sc 


Phase I/I la 


bcr-abi 


5;-CGCTGAAGGGCTTCnCCTTATTGAT-3' 


CML, advanced phase 


£ifv/wj purging 


Pilot 




5'-CGCTGAAGGGCTTTTGAACTGTGCTr-3' 


GML, blast crisis 


Systemic, iv 


Pilot 


c-myb 


5 -TATGCTGTGCCGGGGTCTTCGGGC-3 


CML, blast crisis, refractory leukemia 


- Systemic, (V 


Phase 1 






CML, chronic/accelerated phase 


£x vivo purging 


Pitot 


c-rnyc _ ' 


^1 ^^^A A ^^^^^ A ^A A^ A AT 

5 -GCTAACGTTGAGGGGCAT-3 


Restenosis : = ^ 


. Systemic, iv 


Withdrawn 


c-raf . 


5 -TCCGGCCTGTGACATGCATT-3 


Prostate, breast, ovarian, pancreas, colon, lung 


Systemic, tv 


; Phase H ; 


L/I^n MICUloD 




; Solid tumors . : - - . 


Systemic, iv . 


' Phase 1 


Ha-ras 


5'-GGGACTCCTGGCTACTGCCT^3'^^ 


Solid tumors - - 


Systemic, iv 


Phase 1 


ICAM-I:; 


5^GCCCAAGCTGGCATCCGTCA-3' 


. Crohn's disease, psoriasis, rheumatoid arthritis, ulcerative . 


Systemic, iv 


Phase II 






colitis, tissue rejection after organ transplantation . 








5'-CCCTGCTCCCCCCTGGCTCC-3' i; 


AML and myelodysplastic syndrome, refractory or relapsed 


Systemic; V 


Phase 1 






AML and myelodysplastic syndrome, ■ ' 


\ Bf v/vo purging 


'piiot'^. 


PKA-RIa 


5'-GCGUGCCTCCTCACUGGC-3' ' 


Solid tumors : ',■':'■:'> ^ , 


Systemic/w ^ ' 


Phase 11 


PKC-a . ' 


^ S'tGTTCTCGCTGGTGAGTTT^ 


Ovarian, p«)state, breast, brain, lung, colon, melarioma 


Systemic, fv 5 ■ 


Phase II 


Viral disease 


8;- ■"■ :■;">;■•' V. ■ ■ r ■ '-y^ .'y 








CMV 


; 5'-GCGTTTGCTCTTCnCTrGCG-3' ! 


CMV-induced retinitis ^ ; : : ; . . 


' Locil, iritravitreat . 


Approved 


CMV '^ , 


6'-UGGGGCTTACCnGCGAACA>3' 


■•• CMV-induced retinitis ;. . . 


y Systeniic, iv . : >^ 


:^ Phase II 


HlV^l ; ; „ : 


^ ^;'5'M:rrcTCG^ ^ 


:'.";Hiv-i-AiDS.^„'.; \ y.^i 


Systemic; iv / 


[ Wittidrawn 


HPV 


5'-TTGCTTCCATCTrcCTCGTC^^ 


Genital warts . . . 


Local, id 


.Withdrawn 



^ •Abbreviations: AML, acute myeloid leukemia; CML, chronic myeloid leukemia; CMV, cytomegalovirus; HPV, hunrian papilloma vfais; (CAM, intercettular adhesion molecule; id, intrademial; iv, ■ 
intravenoiis; metase, metfiyl transferase; PKA,'protein kinase A; PKC, protein kinase C; Rta, reguJatwy subunit la; sc, subcutaneous. ; , ' . • ; , 

"All the sequences contain phosphorothloate intemudeotide linkages; plain and bold letters indicate deoxy- and 2'*0-methyt-ribonucleosides. respectively. [/'■''■■.'■'■■'--<:'[ '-^^ ■" ' 



depend on the sequence, base composition and the position of the CpG 
motif in the sequence. PS-oligonucleotides containing CpG motifs 
might therefore have immunostimulatory properties in addition to the 
antisense function that they were designed for. For example, two 29- 
mers of the same base composition, except that one has a CG-motif 
and the other has a GC-motif, showed sequence-specific non-antisense 
mediated antiviral activity (Fig. 2a), Currently, PS-oligonucIeotides 
containing CpG motifs are being explored as immunomodulators in 
antiviral, antibacterial, anticancer and anti-inflammatory therapies'*. 

Is it possible that the nucleotide sequence of PS-oligonucleotides 
also has an impact on the observed side effects in v/vo? For example, 
two PS-oIigonucIeotides of the same base composition but with dif- 
ferent nucleotide motifs caused similar side effects in three different 
mouse models, but the severity of the side effects was sequence de- 
pendent (Fig. 2b-e). This example further indicates that two PS- 



oligonucleotides of the same length and base composition can behave 
differently in vivo. In addition, sequence independent side effects, such 
as complement activation and prolongation of activated partial 
thromboplastin time (aPTT), were also observed with the PS- 
oligonucleotides. From these two examples and from other studies re- 
ported in the literature, it is clear that if a selected antisense oligonu- 
cleotide sequence has a CpG motif, extreme care must be taken in 
establishing its specificity of antisense activity. 

Secondary structures interfere with the antisense meclianism 
The presence of secondary structures can also interfere with antisense 
activity by allowing the oligonucleotides to bind to unintended protein 
targets. Double-stranded PS-oligonucleotides that contain a cis- 
transcription recognition sequence bind sequence-specifically to tran- 
scription factors competitively and interfere with transcription. This is 
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Figure 2. (a) The effect of PS-oligonucleotides 1 {oligo 1) (5'-CCATGACQTTCCTGATGCTTTTTGGGGG-3') and oligo 2 (S'-TCCATGAGQITCCTGAT- 
GCTTTTTGGGGG-3') at 5, 1 0 and 25 mg kg-i doses on CMV replication. A control antiviral agent, 3,5-dihydroxyphenylgIycine (DHPG), was also used. Neither ohgo 

1 nor oligo 2 is complementary to murine-CMV RNA. The inhibition of CMV observed in this study was the result of immune stimulation rather than an antisense mecha- 
nism. At tower doses, protection of CMV-infected mice was observed with oligo 1 . At higher doses, no protection was observed, probably because of hyper-stimulation 
of the immune system, which also resulted in increased toxicity. Analysis of serum showed an increase in lL-12 levels with oligo 1 compared to control (saline) or oligo 

2 treated mice. (l>-e) Side effects of oligo 3 (5'-TQfiTCaCTGTCTC£fiCTTCnCTTGCC-3') and oligo 4 (5'-TfiaTSGCTGTCT(aQCCTTCTTCTTGCC.3') in CD-I . nude 
and SCID mouse models. Oligo 3 is complementary to the rev gene of HIV-1 Oligo 3 caused significant changes in platelet count (b) and levels of transaminases, 
alanine aminotransferase (ALT) (c) and aspartate aminotransferase (AST) (d) in all three mouse models. Oligo 3 caused a greater increase in spleen enlargement (e) 
in all three mouse models than did oligo 4. In general, oligo 4 had less severe effects on the parameters studied. Examination of kidney, liver and spleen of the three 
mouse models for histopathology showed more pronounced reticuloendothelial eel! hyperplasia with oligo 3 than oligo 4. In addition, hematopoetic cell proliferation was 
more pronounced in spleens of the three mouse models with oligo 3 than those with oligo 4. The side effects observed could be the result of immune-stimulatory prop- 
erties of PS-oligonucleotides and might involve different pathways in these mouse models. Further studies are needed to characterize the mechanisms invoh/ed In 
Inducing these side effects. It is important to note that, in several studies, nude and SCID mice are used as models to evaluate anti-tumor, antiviral or antibacterial ac- 
tivity. Factors responsible for side effects, directly or indirectly, might interfere with the mechanism of action of antisense or control PS-oligonucleotides. 
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generally called the *decoy * mechanism of inhibition and it is different 
from antisense action. There have been several examples of the use of 
oligonucleotide-derived sequences as decoys'^^'. 

Single-stranded oligonucleotides called aptamers are used to inhibit 
specific proteins in a sequence-specific manner. Examples of aptamer 
oligonucleotides include inhibitors of thrombin and HIV-1 integrase^^^. 
It is important to note that although the sequence of a PS-oligonu- 
cleotide is important in exerting non-specific activity, its internu- 
cleotide linkages, due to its poly anionic nature, also show sequence- 
independent side effects^^*^. 

Optimal design of antisense oligonucleotides 

It is clear that PS-oligonucleotides of varying sequences, lengths and 
base compositions could exert biological activities by many mecha- 
nisms. It is always possible that, although a unique structure or motif 
is required for non-antisense mechanism, the presence of these motifs 
in an antisense oligonucleotide or its control PS-oligonucleotides 
could interfere with the mechanism of action and specificity. 



Therefore^ antisense oligonucleotide design is not as simple as 
probe design and several points must be considered in the design and 
study of antisense oligonucleotides. A number of lessons have been 
learned from the antisense oligonucleotide studies in the past few 
years, and several chemical strategies (Fig. 3) have been developed to 
minimize non-antisense related effects of PS-oligonucleotides^ l 

If proper design precautions, suitable chemical modifications and 
appropriate control sequences are not selected, PS-oligonucleotides 
with specific sequence motifs or secondary structures could influence 
the outcome of the experimental results through non-antisense mecha- 
nisms. Adopdon and application of these modificadons for antisense 
oligonucleotide design would be of particular interest to those who 
use antisense technology for elucidating the funcdons of newly dis- 
covered genes. 

Target site selection 

The inidal step in selecting an antisense oligonucleotide is to choose 
an appropriate target sequence on die mRNA molecule. Andsense 
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Figure 3. Factors that affect the specificity of antisense oligonucteottdes and the chemical strategies that have been developed to reduce these non-antisense-related 
effects in order to improve specificity, pharmacokinetic and safety profiles. 
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Glossary 

Activated partial thromboplastin time (aPTT) - An in vitro meas- 
urement to detemnine the prolongation of blood coagulation by co- 
agulation inhibitors. 

Antlsense oligonucleotide - A synthetic oligonucleotide that is 
complementary to a portion of the targeted mRNA. It binds to the 
mRNA and arrests translation by physical blockade of ribosomal ma- 
chinery and/or by activation of endogenous RNase H. 

Aplamer - A single-stranded oligonucleotide that binds sequence- 
specifically to a protein and inhibits its function. An aptamer might 
adopt a specific structure in order to bind to the protein. 

Decoy - A linear or hairpin duplex oligonucleotide that captures a 
transcription factor by competitive sequence-specific binding and In- 
hibits transcription of a specific gene. 

Hyper-structure-formlng sequences - The G-rich sequences 
(containing three or more guanosines in a row) that torn Hoogsteen 
hydrogen bonded stmctures Involving guanines in four or more 
strands. 

Mixed-backbone oligonucleotides (MBOs) - Oligonucleotides that 
are synthesized with more than one modification In order to improve 
biophysical, biochemical, pharmacokinetic or safety profiles. 

Phosphorothioate ollgodeoxynucleotides (PS-ollgonucleotides) 

- Oligodeoxynucleotides in which one of the non-bridging oxygens on 
the phosphate of the natural phosphodiester backbone is replaced 
with a sulfur to make them nuclease resistant. 

RNase H - A ribonuclease that specifically recognizes an RNA-DNA 
heteroduplex and cleaves the RNA strand of the heteroduplex. 

5'- and 3'-untranslated regions (UTRs) - The nucleotide se- 
quences that are present before a start codon and after a termination 
codon, respectively, In an mRNA and are not translated Into protein. 



technology has been hampered to some extent by limited knowledge as 
to the base-pairing accessibility of mRNA target sites in vivo. Although 
a number of models that predict RNA folding are available, their use- 
fulness for predicting the most plausible in vivo RNA structure is lim- 
ited^^ Alternatively, in vitro methods can be used to test the acces- 
-sibiiity of mRNA sites by oligonucleotides, but this has also met with 
limited success^''. It is considered preferable, therefore, to screen a 
number of oligonucleotides that encompass different regions on RNA 
to identify a set of optimal target sites, including the 5'- and 3 '-un- 
translated regions (UTRs), initiation codon site, coding region and 
intron-exon junctions. Oligonucleotides that have been targeted to the 
translation initiation codon region of mRNA are generally believed to 
be more potent than those targeted to other regions. Our experience, 
however, shows that it is difficult to find a 20-nucleotide site that in- 
cludes the initiation codon and satisfies all the criteria discussed in this 
review for optimal antisense oligonucleotide design. 

It has recently been shown that sites containing GGGA sequence 
motifs on mRNA are more accessible to antisense oligonucleotides 
than are other sites^. Although it is interesting, it is not possible to gen- 
eralize this concept for targets other than those examined until further 
evidence emerges with a number of other targets. 



Choice of oligonucleotide sequences 

The affinity of an oligonucleotide for its target RNA varies signifi- 
cantly depending on base composition and sequence^^*^^. Therefore, the 
antisense activity of a selected oligonucleotide is influenced both by its 
base composition and by its sequence. Oligonucleotides that contain 
certain sequence motifs, such as CpG (Refs 12,14,15) and GGGG 
(hyper-structure-forming sequences)^^ ^^, induce cell proliferation 
and inunune responses. G-rich oligonucleotides also have different 
cellular uptake, tissue distribution, pharmacokinetics and in vivo dis- 
position from those oligonucleotides that do not contain four or more 
adjacent guanosines^'. Antisense PS-oIigonucIeotides containing CpG 
and G-rich motifs increase the possibility of exhibiting activities by 
non-antisense mechanisms. Hence, it is appropriate to avoid sequences 
containing these motifs for antisense uses. 

If an antisense oligonucleotide possesses self-complementarity or 
a palindromic sequence, it can form stable secondary structures, such 
as short linear duplexes or hairpins (Fig. 4). In such cases, secondary 
structure formation competes for binding to the target mRNA. In ad- 
dition, these secondary structures can serve as decoys by binding to 
cellular factors, thereby inhibiting or inducing the functions of non- 
targeted genes, which could directly or indirectly alter the function of 
the gene being studied. A number of software packages are currently 
available for screening oligonucleotides for the formation of secondary 
sUiictures involving traditional Watson-Crick base pairing rules. 
However, these packages are not designed to predict non-traditional 
structures, such as quadruplexes involving G-rich motifs, GA base 
pairs, parallel-stranded structures and the possible sU^ctures formed 
by chemically modified nucleotides. In these cases, non-denaturing gel 
electrophoresis or UV thermal denaturation methods can be used to 
examine the possible secondary structure formation by antisense 
oligonucleotides alone (Fig. 4). 

Choice of chemical modification 

The sequence-unrelated side effects associated with PS-oligonu- 
deotides^^^ have led to attempts to improve specificity and thereby re- 
duce side effects. The PS-backbone, in association with deoxyribonu- 
cleotides, is responsible for poiyanion-related effects, such as 
prolongation of aPTT and complement activation^'^. PS-oligoribonu- 
cleotides, PS-2'-0-methyI-oligoribonucleotides and PS-2'-5'-linked- 
oligoribonucleotides (see Fig. 5 for chemical stmctures) have lower or 
negligible effects on prolongation of aPTT and complement activation^, 

Methylphosphonate oligonucleotides show less severe poiyanion- 
related effects because they have reduced negative charge 
Unfortunately, methylphosphonates and PS-oligoribonucleotides do 
not activate RNase H upon binding to the RNA target, an important 
property critical for the antisense mechanism. In addition, aqueous sol- 
ubility of methylphosphonate oligonucleotides containing more than 
12 nucleotides becomes a limiting factor. We have therefore attempted 
to use a combination of these modifications with PS-oligonucleotides 
to develop antisense oligonucleotides that have all the required prop- 
erties for antisense activity while minimizing the poiyanion-related ef- 
fects^. These oligonucleotides are referred to as mixed-backbone 
oligonucleotides (MBOs) (Fig. 1). 

MBOs containing segments of PS-oligonucleotide and other 
modified oligonucleotide segments have emerged as second-genera- 
tion antisense oligonucleotides^-^-^^^^. A number of modifications, 
combined with the PS-oligonucleotide backbone, have been studied\ 
but two modifications - PS-2'-0-methyl(alkyl)ribonucleotides and 
methylphosphonate oligonucleotides - stand out because they reduce 
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several polyanion- and non-antisense-related 
side effects of PS-oIigonucleotides^ Both 
modifications reduce protein binding and 
non-aniisense effects related to the polyan- 
ionic nature of the PS-oligonu- 
deotides" "-^^ These modifications can be 
incorporated at the 3'-end or at both the 3'- 
and the 5 '-ends of a PS-oIigonucleotide to 
produce 'end-modified MBOs\ or incorpo- 
rated in the center of the PS-oIigonucleotide 
to produce 'centrally modified MBOs'. 

End-modified MBOs have shown im- 
proved specificity, biological activity, in vivo 
stability, pharmacokinetic and safety profiles 
over PS-oligonucleotides'^"^^. Importantly, 
end-modified MBOs permit oral and colorec- 
tal administration of antisense oligonu- 
cleotides as a result of their increased in vivo 
metabolic stability*^ In addition, end-modi- 
fied MBOs have lower polyanion-related 
effects, such as complement activation and 
prolongation of aPTT, than do PS- 
oligonucleotides". 

Centrally-modified MBOs contain a modi- 
fied oligonucleotide segment placed in the 
center of a PS-oligonucleotide^^ These 
MBOs show increased binding affinity to die 
target, increased RNase H activation, and 
consequently rapid degradation of RNA com- 
pared with end-modified MBOs. Centrally 
modified MBOs permit reduction of contigu- 
ous PS-oligonucIeotide length, thereby deter- 
mining their length-dependent polyanionic 
effects. These MBOs show improved phar- 
macokinetic and safety profiles and maintain 
biological activity similar to that of PS- 
oligonucleotides^^ 

The purity of PS-oligonudeoddes also af- 
fects their biological activity^. As a result of 
recent developments in synthetic, purification 
and analytical methodologies, it is now poss- 
ible to obtain consistently pure PS-oligonu- 
deotides. However, it is important for the lab- 
oratories that obtain oligonucleotides from 
commercial suppliers to check purity levels 
constantly as these vary from vendor to vendor 
and from batch to batch. 

Avoiding CpG motifs in an antisense se- 
quence reduces non-antisense-related activity 
considerably. However, if a CpG motif is ab- 
solutely necessary for antisense activity, the 
non-antisense-related effects of CpG motifs 
can be reduced by several chemical modifi- 
cations (Fig. 3). These modifications include: 
(I) replacement of the cytosine base in the CpG motif with a 5-methyl- 
cytosine base; (2) replacement of the phosphorothioate linkage be- 
tween C and G of the CpG motif with a methylphosphonate linkage; 
and (3) replacement of the d(CpG) motif with 2'-0-methyIribonucleo- 
sides. We have studied a number of PS -oligonucleotides that contain 
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Figure 4. An autoradiogram showing structures formed by a number of PS-olIgonucleotide sequences tfiat 
have been reported in the recent literature. Sequences and possible stnjctures formed by these oligonu- 
cleotides are shown on top of the gel. For each oligonucleotide there are two lanes except for the oligonu- 
cleotide shown as single strand (first lane in both the gels). These left and right lanes represent samples 
loaded with fonnamide after heating to 95°C and snap-cooling or loaded with glycerol buffer without heating, 
respectively. Bands indicated with an arrow are the result of secondary structure fonriation by these PS- 
ollgonucleotides. The thick arrow beside the gel photograph indicates the direction of gel mobility. The UV 
themnal melting temperature (TJ of each PS-oiigonucleotlde (measured in 100 mM NaCI, 10 mM sodium 
phosphate buffer pH 7.4 at a strand concentration of 4 p,M in 1 ml) Is shown below the autoradiogram. The 
obsen/ation of two T^, values for one oligonucleotide revealed the presence of more than one structure (al- 
though this was not distinguishable on the gei). An oligonucleotide that revealed no T^ value indicated the 
absence of secondary stmcture fomiation. 



CpG motifs with and without the above modifications in mice and rats 
and have found them to have significantly reduced side effects 

As for G-rich motifs, no known chemical modification (except re- 
placement of Gs in the G-rich site with 7-deazaguanines) prevents hyper- 
structure formation. It is appropriate, therefore, to avoid sequences that 
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(b) 2'-5'-Unkage 




X = H (DNA) Y = O and Z = O" (Phosphodiester) 

X = OH (RNA) Y = O and Z = S" (Phosphorothioate) 

X = OCH3 (2'-0Me-RNA) Y = O and Z = CH3 (Methylphosphonate) 

B = Nucleoside base A/C/G/T/U 
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Figure 5. Structures elucidating (a) 3'-5'- and (b) 2'-5'-linkages and some of the chemical modifications dis- 
cussed in this review. 



contain four or more Gs (sometimes three) in a stretch. Hyper-structure 
formation by oligonucleotides that contain three or four adjacent Gs can 
be ascertained by examining them on non-denaturing polyacrylamide 
gels under physiological conditions because hyper-structure formation 
is also dependent on the flanking sequences (Fig. 4). In addition, syn- 
thesis and purification of G-rich oligonucleotides is complex and is not 
reproducible"*^. 

Minimization of protein binding and other competing factors 
PS-ollgonucleotides bind to proteins through sequence-specific, 
structure-specific and non-specific interactions. As a result of the 
polyanionic nature of the intemucleotide phosphorothioate backbone, 
PS-oligonucleotides interact non-specifically with a number of pro- 
teins and enzymes in vitro in a sequence-independent, but length- 
dependent, manner^^-^. PS-oligonucleotides inhibit the activities of 
several enzymes, including DNA polymerases, growth factors, pro- 
tein kinase C, HIV-gpl20, recombinant soluble CD4, reverse tran- 
scriptase, RNase H and RNase L in a dose-dependent fashion in in 
vitro studies, but at much higher concentrations than diose required for 
antisense activity^'-''^''*^. However, the in vivo biological relevance of in- 
hibition of these enzymes has not yet been established. Note that these 
effects are mechanistically distinct from decoy and aptamer 
effects. 

In addition, PS-oligonucleotides bind to a number of 
piasma/serum-proteins, notably albumin^^-^'-'^. The binding affinity of 
PS-oligonucleotides for plasma/serum proteins has been shown to be 
in the order fibrinogen >7-globuIins>albumin3^*^'39 j^^ shown previ- 
ously, PS-oligonucleotides demonstrate prolongation of aPTT and 
complement activation in a dose- and length-dependent, but sequence- 
independent, manner in vivo and in v//ro32-34.3x38.45.49 |t recently 
been shown that PS-oligonucleotides inhibit the intrinsic tenase com- 
plex (factor IXag, factor Villa, phospholipid and calcium) in the blood 
coagulation system^°. In vivo and in vitro studies have demonstrated 
that small molecules, such as aspirin, compete effectively for serum- 



protein binding and alter pharmacokinetic and 
tissue distribution profiles of PS-oIigonu- 
cleotides^^'^^. These poiyanion-related and 
protein binding-related side effects can be sig- 
nificantly minimized by maintaining low 
plasma concentrations by slow inU-avenous in- 
fusion as currently employed in clinical tri- 
als^^ by using formulations", or by incorpo- 
rating 2'-0-alkyl(methyI)ribonucleosides or 
methylphosphonate linkages into PS- 
oligonucleotides as in the case of MBOs 
(Refs 33-35,37,38) (Fig. 3). 



Control sequences 

Although the antisense field has progressed to 
clinical trials, there is no consensus on what 
kind of controls to include in andsense experi- 
ments, mainly because of the limited knowl- 
edge of the biological effects of possible nu- 
cleotide modfs. So far, only the biological 
consequences of certain motifs, such as CpG 
and G4s, are known. The use of a variety of 
control oligonucleotides has been reported in 
different studies ranging from oligonu- 
cleotides containing 1-7 mismatches, to 
scrambled, sense or random sequences. When control oligonucleotides 
are designed, some of the motifs that cause adverse or different bio- 
logical effects can be unknowingly deleted or introduced, resulting in 
equal or higher activity than the antisense oligonucleotide, which can 
lead to confusing results. Therefore, it might be appropriate to use more 
than one control oligonucleotide to establish the antisense activity de- 
pending on the sequence. 

Cellular uptake facilitators for in vitro studies 
Discussion of cellular uptake facilitators might not be relevant for in 
vivo studies, as no such agents are currently used in vivo, but it is cer- 
tainly important in the initial screening of antisense PS-oligonu- 
cleotides in cell cultures and their application for functional genomics. 
The cellular uptake of negatively charged oligonucleotides is one of 
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the important factors in determining the efficacy of antisense oligonu- 
cleotides; the mechanism of their uptake is not yet understood in de- 
tail. In vitro, cellular uptake of antisense oligonucleotides depends on 
many factors, including cell type, kinetics of uptake, tissue culture 
conditions, and chemical nature, length and sequence of the oligonu- 
cleotide. Any one of these factors can influence the biological activity 
of an antisense oligonucleotide. It is therefore appropriate to study 
each antisense oligonucleotide in its own context, and relevant cell 
line, without generalizing the results for every oligonucleotide. 

Cationic macromolecules such as lipofectin are used to enhance the 
uptake of antisense oligonucleotides in vitro. These polycations form 
complexes with negatively charged oligonucleotides and facilitate their 
internalization. Complex formation between oligonucleotides and 
cationic lipid agents might also provide stability against nucleases in 
cell cultures. The use of cell uptake facilitators could influence the out- 
come of the biological activity depending on the nature of the poly- 
cation used. 

Concluding remarks 

Many questions about the effects of antisense oligonucleotide sequence, 
secondary structures, cellular uptake, metabolism, excretion, tissue dis- 
tribution, side effects and mechanism of action have been answered to a 
large extent, if not completely, in the past few years. As the antisense field 
progresses and the critical chemical and mechanistic issues of antisense 
effects are distinguished from those of non-antisense effects, it is becom- 
ing clear that antisense oligonucleotide therapeutics can in fact be as 
simple as complementary base recognition, but only if proper design pre- 
cautions and controls are used. A number of chemical modifications have 
been developed and tested for antisense activity, Aldiough a first gener- 
ation PS-oligonudeotide has been approved for treating CMV-induced 
retinitis, a combination of modifications is clearly needed to fine-tune die 
physicochemical and biochemical properties of antisense oligonu- 
cleotides to make them effective drugs for multiple applications. MBOs 
have become the choice for second-generation antisense oligonu- 
cleotides, and several are now being tested for their potential in human 
clinical trials. In addition, the oral bioavailability of MBOs might allow 
these drugs to be administered in pill form in the near future'*^ The 
knowledge gained about the effects of antisense PS-oligonucleotides and 
their chemical modifications in the past few years is valuable for the de- 
velopment of antisense drugs in the future. Nonetheless, as is always the 
case, caution must be exerted in experimental design and interpretation of 
antisense results until all the critical aspects of antisense oligonu- 
cleotides are explored beyond reasonable doubt. 
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Abstract 

Glutamate receptors play critical roles in normal and pathological processes. We developed an antisense gene delivery strategy to 
modulate the NMDA type of glutamate receptor. Using transient transfection in vitro and viral mediated gene transfer in vitro and in vivo, 
the effect of expression of an antisense gene fragment (60 bp) of the NRl subunit was tested. Immunoblot analysis showed an 
antisense-concentration-dependent reduction in the NRl subunit upon transient co-transfection of a plasmid expressing a sense NRl gene 
and a plasmid expressing the antisense fragment into COS-7 cells. After recombination into an adenoviral vector, this antisense fragment 
reduced the amount of endogenous NRl protein in PC12 cells. Finally, direct intraparenchymal injection of the viral vector into rat spinal 
cord resulted in diminished NRl in motor neurons. Our results demonstrate the efficacy of this approach, which combines antisense with 
viral gene delivery to control the expression of specific genes in vivo. This approach may also be useful in reducing excitatory 
neurotransmission in vivo, with implications for the treatment of spinal disorders such as amyotrophic lateral sclerosis or chronic pain. 
© 2001 Published by Elsevier Science B.V 

Theme: Neurotransmitters, modulators, transporters and receptors 

Topic: Excitatory amino acid receptors, structure, function, expression 

Keywords: NRl subunit; Gene therapy; Adenovirus; Motor neuron; Excitotoxicity; Excitatory amino acid; Spinal muscular atrophy; Neurodegenerative 
disorder 



1. Introduction 

Glutamate is a major excitatory neurotransmitter in the 
central nervous system [29] and many attempts have been 
made to regulate its actions through pharmacological 
manipulation of its receptors. The NMDA type of gluta- 
mate receptor is composed of NRl and NR2 subunits. The 
NRl subunit is essential for ionotropic action [19]. Experi- 
ments with gene-targeted mice lacking functional NMDA 
receptors to reveal the functions of the NRl subunit are 
mostly uninformative since they are embryonic lethal 
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events, but experiments with NR2-subunit-nun mice impli- 
cate these channels in neurotoxicity following ischemia 
[20], regulation of synaptic plasticity, learning, and mem- 
ory [25], The importance of the NMDA receptor in neural 
activity suggests the NMDA receptor as a target for small 
molecule therapeutics. However, NMDA receptor antago- 
nists have a wide variety of side effects when delivered 
systemically [11]. An alternative approach is localized 
delivery of nucleic acids to alter expression of specific 
subunits of the receptor. Administration of antisense 
oligodeoxy nucleotides (asODNs) represents one way to 
modify expression of endogenous genes [18,28]. asODNs 
directed against NRl influence seizure threshold [32], 
motor function, and long-term potentiation. Other experi- 
ments using intrathecal administration of asODN directed 
against another type of glutamate receptor, mGluRl, 
reported reduced nociceptive sensitivity [31]. 

A second way to administer antisense nucleic acids is by 
viral-mediated gene delivery [6], which takes advantage of 
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2. Materials and methods 
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Fig. 1. Strategy for expression of an antisense transcript directed against 
NRl. (A) Structure of the antisense expression vectors. Both a plasmid 
and an adenovirus containing the segments indicated were generated. 
Adenovirus sequences are hatched, with map units indicated. Expression 
of the antisense was under control of a cytomegalovirus promoter (CAfV) 
and contained a 3' polyadenylation signal ((A)„). (B) Expression of a 
short message Q>lack box) complementary to die region encoding the 
signal sequence was predicted to bind to the endogenous NRl mRNA and 
block its translation. 



suggested that a half-maximal effect (ECjq) was observed 
when the ratio of antisense to sense plasmids used in the 
transfection was 1:40. 

To test (a) whether production of endogenous NRl 
protein could be reduced by the antisense construct, and 
(b) whether the equivalent antisense cassette functioned in 
the adenoviral vector, we examined NRl levels in PC 12 
cells incubated with viral vectors. The amount of NRl 
protein in virally transduced cells depended upon the 
amount of Ad-asNRl viral vector added to the medium 
(Fig. 3 A, B), and we observed virtually complete elimina- 
tion of protein at the highest concentration of vector 
(5X10^ particles per dish). This effect on NRl was 
specific for the antisense gene, since adenoviral expression 
of a control green fluorescent protein gene, at doses 
comparable to the highest antisense virus dose, had no 
discernible effect on NRl expression. An additional pro- 
tein species in PC 12 cells of unknown identity (--70 kDa) 
reacted with the antibody. This protein (open arrow. Fig. 
3) acted as an internal control, since its expression was not 
altered by transduction with either adenovirus. 

Administration of Ad-asNRl to the ventral horn of the 
spinal cord in vivo effectively inhibited NRl protein 
production in motor neurons. Injection of adenovirus 
expressing the lacZ marker into the neck of the dorsal horn 
of the rat spinal cord produced a lateralized expression of 
p-galactosidase marker protein in motor neurons and in 
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Fig. 2. Blockade of NRl expression in cells transfecied in vitro. (A) Imniunoblot of extracts of brain (lane 1), untransfected COS-7 cells (lane 2), or 
COS-7 cells transfecied with 4 ug of pE4A (NRl expression plasmid) and various amounts of pAC-AS-NRl, resulting in the indicated ratios of antisense 
to sense plasmid transfecied (lanes 3-6), Cells in lane 7 received no antisense. (B) The levels of receptor were quantitated by densitometry and normalized 
to the level in a no-antisense control (lane 7). Note the logarithmic scale of the abscissa. 
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PC1 2 cells-antisense virus Ad-asNR1 (particles/well) 

Fig. 3. Ad-asNRl effect in PCI 2 cells. (A) Al antibody was used to probe NRl levels in extracts of cells incubated for 36 h with the indicated amounts of 
viral vector. Lanes 1-4, PC12 cells; Lane 5, extracts of whole brain. Filled arrow indicates NRl protein; empty arrow indicates a protein of unknown 
identity in PCI 2 cells that cross-reacts with the NRl antibody. (B) The levels of receptor were quantitated and normalized to a no-antisense control. Note 
the logarithmic scale of the abscissa. 



cells of the lateral white matter, as assessed by immuno- 
cytochemistry (Fig. 4A). Higher magnification revealed the 
extensive distribution of transgene product p-galactosidase 
in cell bodies and processes of motor neurons of the 
ventral horn (Fig. 4B). 

These motor neurons expressed readily detectable levels 
of the NRl N I (exon 5^) splice variant in the cell soma 
and proximal dendrites (Fig. 4B). This expression was 
sensitive to virus-mediated antisense effects. Four days 
after unilateral co-injection of Ad-lacZ and Ad-asNRl into 
the dorsal horn of die spinal cord, the levels of NRl 
protein were assessed by immunocytochemistry with the 
Nl-specific antibody, ^-galactosidase histo chemistry in the 
same sections served as a marker for the region of the 
spinal cord infected with virus, and the non-injected 
contralateral side served as an internal control for NRl 
levels. A reduction in NRl immunoreactivity was observed 
on the injected side (Fig. 5A), compared to the contralater- 
al side (Fig. 5A,B) or non-injected animals. This effect 
was especially noticeable in individual cells containing the 
marker Ad-lacZ (blue cells demonstrated by X-gal histoch- 
emistry, Fig, 5C), in which little or no NRl-immuno- 
reactivity is seen in die soma or dendritic shafts. In other 
animals injected with Ad-asNRl alone, immunofluores- 
cence analysis demonstrated a similar reduction in intensi- 
ty of NRl-immunoreactivity in the injected side compared 
to the contralateral side (data not shown). These effects of 
Ad-asNRl were reproduced in several other animals, and 
were not observed in >10 control animals injected only 
with Ad-lacZ. With this combined histochemical-immuno- 
cytochemical technique it was important to titrate the blue 



X-gal histochemical reaction prior to immunocytoch- 
emistry for the NRl protein. It was difficult to discriminate 
between the X-Gai and Ni-DAB reaction products in 
sections over-reacted for X-Gal histochemical staining. As 
a gene transfer vector, adenovirus has the advantage of 
strong expression within 1 day in vivo. Although not 
systematically examined, we could see effects of the 
antisense expression as early as 2 days post-surgery, 
consistent with expression from the CMV promoter in 
other systems [1,7], 

To circumvent the technical problems encountered when 
the histochemical |3-galactosidase staining was over- 
reacted, as well as provide independent verification of 
antisense activity, we developed a fluorescent method to 
visualize both the spinal cord region containing virally 
transduced motoneurons and the level of NRl-immuno- 
reactivity. In animals co-injected with Ad-GFP as a marker 
and Ad-asNRl, the expression of NRl could be followed 
in adenovirus-transduced cells (which fluoresced green). 
Six days post-injection, spinal cord sections were stained 
for NRl by rhodaminc tyramide immunofluorescence. A 
typical result is shown in Fig. 6. NRl-immunoreactivity 
was detectable as red fluorescence in large motor neurons 
(Fig. 6A), which were also marked green by Ad-GFP (Fig. 
6B). In contrast, NRl protein staining was greatly reduced 
in corresponding neurons of animals co-injected with Ad- 
asNRl and Ad-GFP (Fig. 6D). Photographic overlay of the 
NRl (red) and GFP (green) images resulted in a yellow 
signal for animals injected with Ad-GFP only, but little 
yellow for Ad-GFP+ Ad-asNRl (compare Fig. 6 C and F). 
The photomicrograph in Fig. 6D shows several immuno- 
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Fig. 5. In vivo reduction of NRl receptors by antisense. Ad-lacZ was co-injected with Ad-AS-NRl into one side of the spinal cord, and a double-label histo- and 
immunocytochemical analysis was performed 3 days later. Co-stain of neurons marked with beta-galactosidase histochemical reaction (blue) and NRl by ICC with die Nl 
antibody and DAB (black). The right side was injected with viral vectors. (A), low power view of ventral grey matter demonstrating reduction in NRl-immunoreactivity on the 
injected side. (B), High power view of control, uninjected side stained with NRl. (C), High power view of injected side, stained blue with X-Gal and also for NRl, Note the 
reduction in immunoreactivity in the soma and dendrites of motor neurons of the injected side, particularly in cells co-stained with the light blue X-gal reaction product. 
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Fig. 6. Immunofluorescence microscopic analysis of NRl-ir in motor neurons of animals injected with antisense virus. Co-expression of NRl and GFP was evaluated in sections 
from an animal injected with Ad-GFP alone (A-C) or both Ad-GFP and Ad-asNRl (D-F). NRl-ir detected by immunofluorescence using rhodamine tynimide (A. D) was 
photographically combined with the intrinsic GFP signal (B, E) to create an overlay (C, F). Quantitation was by densitometry of the cells using NIH Image. A similar analysis of 
the same cells (arrows) using confocal microscopy (not shown) showed that the entire perikarya was in the confocal stack and occupied the same number of individual slices. 
Quantification of the center slice, slices at ±4 microns from the center, or the entire stack, yielded the same resulu as obtained from the densitometry of the digitized 
photographic images (shown at right). There was an approximately 85% reduction in NRl immunoreactivity in the cell shown. 
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of the plasmid since the total amount of DNA was kept 
constant by addition of empty shuttle vector. The con- 
centration-response curve suggested that a ratio of one 
antisense gene to 40 sense genes produced a 50% reduc- 
tion of protein (Fig. 2). These data demonstrate the 
efficacy of the short antisense cassette under controlled 
conditions in a simplified cellular preparation. 

Building upon this plasmid result, a logical next step 
was to test the ability of the antisense gene to reduce NRl 
when expressed from die adenoviral vector in vitro. The 
endogenous NRl protein in PC12 cells [5,15] was reduced 
in quantity by an adenovirus expressing the 60-bp anti- 
sense, but not a control adenovirus expressing GFP (Fig. 
3), suggesting diat the effect was due to the antisense gene. 
Finally, a striking result was obtained when Ad-asNRl 
was injected into the parenchyma of one side of the spinal 
cord by microinfusion into live animals. After several 
days, the amount of NRl-irmnunoreactivity was reduced in 
motoneurons transduced with the viral vectors compared 
with animals injected with control virus or with non- 
transduced motor neurons on the contralateral side. In 
vivo, the extent of this reduction varied but in cells in 
which the transduction marker was well expressed, the 
antisense expression nearly eliminated NRl protein from 
the cell. Both the in vitro and in vivo data indicated that a 
short antisense transcript was effective at reducing NRl 
protein levels (Fig. 3). In vivo, using a cell-by-cell analysis 
we did observe variation in antisense effect that are not 
apparent when analyzing effects on a whole plate of 
cultured cells. Individual variation may be due several 
factors: (a) differences in the endogenous level of NRl 
(higher levels may be more difficult to decrease), (b) the 
degree of expression of the antisense transgene (less likely 
since CMV is a very effective promoter), or (c) the number 
of viral particles entering the cells (probably the most 
relevant variable). 

The mechanism of antisense-mediated reduction in NRl 
expression presumably proceeds through blockade of 
translation of NRl mRNA into new NRl protein by the 
virus-encoded antisense transcript, followed by degrada- 
tion of pre-existing NRl. The rate and level of production 
of the antisense transcript affects the efficacy as well. Little 
information is available about the time course of these 
processes. In PC 12 cells, we observed that NRl protein 
was nearly completely eliminated within 36 h (Fig. 3). 
.Studies on the turnover of NRl in cultured cerebellar 
granule cells suggest that NRl exists in two populations, 
with half-lives of 2 h and 34 h [13]. This may be consistent 
with the experiments in Figs. 5-6, where a small amount 
of intracellular NRl remained after 4-6 days of antisense 
expression. Persistent expression of the antisense for 
longer periods may be required to allow more extensive 
degradation of protein. This may be difficult to achieve 
with this first-generation adenoviral vector in vivo, since it 
has been noted by ourselves [17] and others that transgene 
expression declines appreciably by 12-14 days. 



The choice of particular sequences used for antisense is 
a difficult one, as predictive methods are unreliable [12] 
especially for exogenously administered oligodeoxynucleo- 
tides. In this report, we describe a short antisense gene, 60 
bp, which produced a strong antisense effect. Viral gene 
delivery allows the possibility of introducing relatively 
long antisense sequences compared with synthetic oligo- 
deoxynucleotides. However, viruses also impose con- 
straints upon the size of inserted nucleic acid, and our 
demonstration of functional effects from a short antisense 
transcript provides a new degree of flexibility not previous- 
ly recognized. For example, it allows the insertion of 
multiple antisense genes into a single viral particle, thereby 
targeting several different genes involved in a particular 
disorder. Additionally, specific splice variants of NRl 
might be targeted through specific antisense sequences. 
This approach would not be possible with long sequences. 

Tests of the efficacy of the antisense in spinal cord 
neurons depended upon delivery of the antisense gene by 
the adenoviral vector. This vector appears to have a 
tropism for motor neurons in the ventral horn, rather than 
neurons in other spinal laminae [17]. This surprising result 
may be due to non-uniform distribution of receptors and 
internalization mechanisms for adenovirus [4,22,30]. Alter- 
natively, viral uptake may occur via non-receptor depen- 
dent mechanisms in motor neurons or be influenced by 
physical parameters such as adenovirus particle size (--90 
nm) and its ability (or inability) to spread within the 
interstitial space [16,17]. Other viral vectors have different 
sizes (such as adeno-associated virus, -20 nm) and altered 
tropism, and dius nnay allow delivery to the dorsal horn 
[21]. Regardless of the mechanism of tropism, motor 
neurons are excellent targets for transduction by adeno- 
virus. 

The antisense gene transfer approach described here, 
where genes expressed in neurons are the target, may be 
useful for therapy of spinal neurological disorders such as 
amyotrophic lateral sclerosis, spinal muscular atrophy, or 
spinal cord injury, where excitotoxic death of motor 
neurons has been implicated [19,26]. It remains to be 
determined whether the reduction of NRl using the 
antisense approach described herein, would be neuro- 
protective. Gene therapy vectors have been used to deliver 
genes encoding secreted factors such as neuroprotective 
growth factors to degenerating nerve endings in the 
peripheral musculature, with therapeutic effect in animal 
models [8-10]. In a complementary approach, gene trans- 
fer may also be directed to non-neuronal cells such as glia 
or even cells of the meninges surrounding the spinal cord. 
We have used the latter cellular target for secretion of 
therapeutic biomolecules into the cerebrospinal fluid and 
into the parenchyma of the spinal cord. Viral expression of 
P-endorphin by the pia mater secretory or 'paracrine 
delivery' route alleviates hyperalgesia in a model of 
chronic pain [7]. The clinical utility of such an approach 
may be realized through delivery of therapeutic viruses 
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into the subarachnoid CSF, Thus, gene therapy for neuro- 
biological disorders in practice may well involve the 
manipulation of multiple genes, through both the addition 
and subtraction of functional proteins by both paracrine 
and local intraparenchymal gene transfer. 
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Abstract 

Fibrates are widely used drugs which lower 
triglycerides and increase HDL concentra- 
tions in serum. Recent findings from our lab- 
oratory have shown that fibrates repress 
apolipoprotein (apo) Clll gene expression, an 
effect that explains partially the triglyceride- 
lowering activity of these drugs. The goal of 
the present study was to compare the effect 
of various fibrates on apo Clll gene expres- 
sion in the human hepatoblastoma cell line 
HepG2. First, we demonstrate that the level 
of apo Clll secretion by HepG2 cells is con- 
trolled by serum factors whereas apo Clll 
mRNA levels are not and even increase un- 
der conditions when apo Clll secretion dra- 
matically decreases. Twelve different fetal 
calf serum batches were tested during this 



study and apo Clll secretion in cell medium 
could only be detected with three of them. 
The effect of serum on apolipoprotein secre- 
tion was more pronounced for apo Clll 
whereas other apolipoproteins (apo E, apo B, 
apo All and apo Al) were affected to a lesser 
extent. Under serum conditions allowing apo 
Clll secretion, treatment with the peroxi- 
some-proliferator activated receptor (PPAR)a 
activators fenofibrate, gemfibrozil and Wy- 
14643 result in a marked lowering of apo Clll 
secretion and gene expression, this effect be- 
ing most pronounced with Wy-14643- Com- 
parison of the activity of a PPARy-specific 
ligand, the antidiabetic thiazolidinedione, 
BRL-49653 and a PPARa ligand Wy-14643 
showed a marked decrease of apo Clll secre- 
tion and gene expression after activation of 
PPARa but not PPARy. In conclusion, fibrates 
down-regulate apo Clll gene expression in 
human HepG2 cells, most likely via PPARa 
but not via PPAR7. However, these effects are 
only observed in HepG2 cells cultured under 
appropriate conditions. 
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Introduction 

Apolipoprotein (apo) ClII is a component 
of several classes of plasma lipoproteins such 
as triglyceride-rich particles (chylomicrons, 
very low density lipoproteins (VLDL)), inter- 
mediate density lipoproteins (IDL) and high 
density lipoproteins (HDL). Apo CIII is pro- 
duced predominantly in the liver and to a less- 
er extent in the intestine [1]. 

The importance of apo CIII in triglyceride- 
rich lipoprotein metabolism is demonstrated 
by the positive correlation between apo CIII 
levels and triglyceride concentrations in plas- 
ma from normal or dyslipemic subjects [2]. 
Patients deficient in apo CHI exhibit an in- 
creased catabolism of VLDL and an unusu- 
ally efficient conversion of VLDL to IDL and 
low density lipoproteins (LDL) [3]. In con- 
trast, elevated apo CIII synthetic rates have 
been observed in hypertriglyceridemic pa- 
tients [4]. Fat ingestion is associated with 
increased levels of apo Clll-containing apo B 
lipoproteins [5]. In human apo CIII transge- 
nic mice, triglyceride levels were found to be 
proportional to apo CIII gene expression and 
human apo CIII plasma concentrations [6, 7]. 
Inversely, transgenic mice with a targeted dis- 
ruption of the apo CIII gene were shown to be 
protected from postprandial hypertriglyceri- 
demia [8]. In vitro apo B binding to the LDL 
receptor was inhibited by apo CIII and this 
inhibition was dependent of the apo CIII level 
[9, 1 0] and in vivo the catabolism of apo B- 
containing lipoproteins was increased in sub- 
jects with apo CIII deficiency [11]. 

Relatively few factors regulating apo CIII 
secretion are described, among which are cy- 
tokines activating the NFkB transcription 
pathway [12] and insulin [13]. Furthermore, 
hypolipidemic drugs such as fibrates and, to a 
lesser extent, statins reduce apo Clll-contain- 
ing particles in plasma [14, 15]. Transcrip- 
tional regulation of the apo CIII gene by 
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fibrates [16, 17] has been studied in vivo in | 

rodents. The mode of action of these hypolipi- | 

demic drugs in suppressing plasma apo CIII | 

levels has been suggested to result from tran- | 

scriptional suppression of the apo CIII gene | 

mediated via the peroxisome proliferator-ac- 1 

tivated receptor (PPAR) [18]. The mecha- | 

nism of apo CIII repression by fibrates may I 

involve competition by PPAR for binding of | 

the strong activator hepatic nuclear factor-4 | 

(HNF-4) to a cis-sicting sequence on the apo | 

CIII promoter as well as a direct repression of | 

HNF-4 expression. Recently it was demon- p 

strated that in PPARa-deficient mice, serum | 

triglyceride levels and hepatic apo CIII | 

mRNA levels were unaffected by fibrate treat- 1 

ment [1 8]. In primary cultures of human he- p 

patocytes, fibrates have been shown to down- || 

regulate apo CIII expression in a manner 1 

independent of the induction of peroxisomal || 

enzyme activity [19, 20]. | 

However, the low availability of human | 

hepatocytes has led to the use of human cell I; 

lines. The human hepatoblastoma-derived || 

cell line, HepG2, expresses many functions of p 

human hepatocytes. This cell line synthesizes l| 

and secretes lipoprotein fractions within the fe 

density ranges of VLDL, LDL and HDL [2 1 - p 

23]. Much information on the regulation of g 

apo B-containing lipoproteins have been ob- |; 

tained fi^om these cultured liver cells [24, 25]. | 

Passilly et al. [26], comparing human HepG2 f 

and rat Fao cells, found that ciprofibrate |:: 

treatment influenced cell cycle, palmitoyl- | 
CoA oxidase activity and peroxisome prolif- 

eration in rat but not in human cells. HepG2 f. 

cells have furthermore been used to study |; 

transcriptional regulation of the apo CIII gene p; 

[12, 27] and these cells secrete also apo CIII i 

[23, 28, 29], In this paper we studied the opti- | 

mal conditions to measure apo CIII secretion |; 

by HepG2 cells with an appropriate enzyme |: 

immunoassay to quantify apo CIII. Our re- || 

suits indicate that in certain cases, apo CIII |;; 

;■:■:*: 
11 
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gene expression docs not correlate with apo 
cm secretion and that both parameters 
should be taken into account when perform- 
ing regulation studies. Using this well-defined 
system, we go on to study the activities of dif- 
ferent fibrate PPARa activators and of a 
PPAR7 activator, the antidiabetic thiazolidi- 
nedione BRL-49653, on apo CIII secretion 
and transcription in HepG2 cells. 



iMaterials and Methods 

Products 

Twelve different fetal calf serum (FCS) batches 
were tested during this study and apo CIII secretion in 
ceJl medium could only be detected with three of them. 
Two representative batches were used for the experi- 
ments described here, Gibco BRL 40Q1443K FCS 
(FCSl) allowing apo CIII secretion and a Gibco BRL 
40G1646J FCS (FCS2) impairing apo CIII secretion. 
Lipoprotein-deficicnt FCS (LPDS) was obtained by 
two successive ultracentrifugations of FCS (KBr densi- 
ty: 1.21 g/ml) for 24 h at 1 00,000 g; the infranate 
LPDS was dialyzed against 0.01 Af sodium phosphate 
buffer pH 7.4, 0.15 A/ NaCl (PBS). LPDS was deacti- 
vated on activated charcoal. 

BRL-49653 and fcnofibric acid were kind gifts of 
Dr. Berthelon (Merck-Lipha SA, Lyon, France) and 
Dr. Alan Edgar (Laboratoires Foumier, Daix, France). 
Pirixinic acid (Wy-1 4643) was from Chcmsyn Science 
Laboratories, Kans., USA, and gemfibrozil was pur- 
chased from Sigma, St. Louis, Mo., USA. 

Cells 

HepG2 cells (hepatocellular carcinoma, ref. ATCC: 
HB8065) were grown and maintained in Dulbecco*s 
modified Eagle's medium containing 10% FCS (v/v), 
2 vciM glutamax (Gibco BRL), penicillin (1»000 U/ml), 
streptomycin (1 ,000 U/ml) and gentamicin. Cells were 
grown in 75-cm^ flasks and before experiments trans- 
ferred in 28.6-cm' plates (3 X lO'^cclIs/plate: 10* cells/ 
cm^) in FCS medium for 24 h. Culture medium was 
removed and 3 ml of experimental medium was added 
for 24 h then removed for analysis. In experiments 
where secretion was studied for 48 h a fresh experi- 
mental medium was provided after the first 24 h. 

Usually experimental medium was the same as 
growing medium except that FCS was removed and 
replaced by 2g/I bovine serum albumin (BSA). In 



Apohpoprotein CIII Secretion by 
HepG2 Cells 



some experiments indicated apolipoprotein secretion 
was studied in medium where BSA was replaced by 
FCS or LPDS (10% v/v). When fibrates were added to 
experimental medium they were dissolved in DMSO 
then diluted in the medium. The final DMSO concen- 
tration was 0.1% (v/v) and DMSO was also added to 
control cells without fibrates. Cells were washed with 
PBS then scraped in 2 ml of 4 A/ guanidine isothiocya- 
nate buffer. Cell proteins were measured by the Coo- 
massie Blue method (BioRad) and mRNA extracted. 
Each experiment was performed in triplicate and re- 
sults are expressed as the mean ± SD. 

Apolipoprotein Determinations by Enzyme 
Immunoassay 

Human apo CHI was measured by a noncompeti- 
tive enzyme-linked immunosorbent assay (sandwich 
ELISA) as described previously [30] using specific 
antibodies. Briefly, polystyrene microtiter plates were 
coated with afTmity-purificd rabbit polyclonal anti- 
bodies to human apo cm. Cell secretion medium sam- 
ples diluted with 0,1 M sodium phosphate, 0.15 A/ 
NaCl buffer pH 7.4 containing 1% albumin (phos- 
phate buffer) were added to the wells along with the 
standards and controls and incubated for 2 h at 37**C. 
After incubation, the plates were washed 4 times with 
phosphate buffer and the corresponding rabbit poly- 
clonal peroxidase labeled anti-apolipoprotein antibody 
was added. The plates were incubated for 2 h at 37*'C 
and then washed. 30 min after the addition of peroxi- 
dase substrate ((?-phenylencdiamine dichloride; Sigma 
Chemical Co., St. Louis, Mo., USA), the coloration 
was measured at 492 nm using an automated micro- 
plate reader model EL340 (Bio-Tek Instruments, Inc., 
Winooski, Vt., USA). A pool of 400 different plasma 
samples was used as secondary standard. Intra- and 
interassay reproducibility was respectively 6.5 and 
11.6%. 

Human apo F [31], apo AH [32], apo AI [33] and 
apo B [34] levels were measured by noncompetitive 
ELISAs adapted from previously described methods. 

RNA Extraction and Analysis 

RNA extractions, Northern and dot-blot hybridiza- 
tions, and quantification of apo CIII mRNA levels 
were performed as described previously [20]. The 
cDNA clone 36B4 [35] encoding for the human acidic 
ribosomal phosphoprotcin PO [36] was used as con- 
trol. cDNA probes were labeled by random primed 
labeling (Boehringer Mannheim). Filters were hybrid- 
ized to 1.5 X lO'^cpm/ml of each probe as described 
[37]. They were washed once in 0,5 x SSC and 0.1% 
SDS for to min at room temperature and twice for 
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Fig. 1. Influence of different batches of FCS on apo CIII secretion and 
gene expression in HepG2 cells. Cells were grown for several weeks in 
medium containing different FCS batches (FCS I, FCS2). The medium 
was subsequently removed and cells were incubated in 3 ml of the experi- 
mental medium (BSA 2 g/l). Results are expressed as ng apo CIII secreted 
per plate and per 24 h. apo CIII mRNA levels in FCS2 cultured cells were 
expressed as a percent of the levels in cells cultured in FCSl for the same 
period of time. 



30min at 65*'C and subsequently exposed to X-ray 
films (X-OMAT-AR, Kodak). Autoradiograms were 
analyzed by quantitative scanning densitometry (Bio- 
rad GS670 Densitometer) and results normalized to 
36B4 mRNA levels as described [37]. 

Western Blot Analysis 

Cells were washed twice in ice-cold PBS and har- 
vested in ice-cold lysis buffer containing PBS> I % Tri- 
ton X-lOO, and a freshly prepared protease inhibitor 
cocktail (ICN, Orsay, France) (lOmg/ml AEBSF, 
1 mg/ml leupeptin, I mg/ml pepstatin, 5 mg/ml 
EDTA-Na2) to which 1 mM PMSF was added. Cell 
homogenates were collected by centrifugation at 
13>000 rpm at 4'*C. Electrophoresis of 100 |ig of pro- 
tein lysate was performed through a 10% polyacryi- 
amide gel under reducing conditions (sample buffer 
containing 10 mA/ dithiothreitol (DTT)). Proteins 
were transferred onto nitrocellulose membranes and 
nonspecific binding sites were blocked overnight at 
4^C with 10% skim milk powder in TBST (20 mM 
Tris, 55 mAf NaCl, 0. 1 % Tween 20). Membranes were 
subsequently incubated for 4 h at room temperature in 
5% skim milk-TBST containing specific rabbit poly- 
clonal antibodies raised against N-terminal PPARa 
[38] or PPARy peptides [39]. After incubation with a 
secondary peroxidase conjugation, signals were visual- 
ized by chemiluminescence (Amcrsham, Bucks., UK). 



Results 

First HepG2 cells were cultured for several 
weeks in medium constituted with either FCS 
batch representative of three different batches 
allowing apo CIII secretion (FCS 1) or an FCS 
batch representative of 9 batches impairing 
apo CIII secretion (FCS2), apo CIII secretion 
experimental medium without FCS, but con- 
taining BSA 2 g/l, was used to avoid a direct 
effect of FCS on apo CIII secretion. Figure la 
shows that apo CIII secretion could only be 
detected in significant amounts from cells cul- 
tured in FCSl. apo CIII secretion by cells 
grown in FCS2 was undetectable {< 1 ng/mg 
cell protein). No differences in cell growth 
(measured by the cell protein content) were 
observed after 24 or 48 h of incubation of cells 
previously grown in FCSl or in FCS2. An 
unexpected result was that apo CIII mRNA 
levels were not decreased but rather increased 
in cells cultured in FCS2 (fig. lb), indicating 
that the effect of FCS2 was not due to a dedif- 
ferentiation of the hepatoma cells. 
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When cells were cultured for several weeks 
in FCS2 medium and then switched to FCSl 
medium, apo CIIl secretion could not be 
restored. Inversely when cells were grown in 
FCSl medium and then switched to FCS2 
medium, the apo CIII secretion diminished 
after each passage and was abolished after a 
few weeks. In order to study the short-term 
influence of the different batches of FCS on 
apo cm secretion, cells cultured in FCSl 
were switched to the experimental medium 
containing either FCSl, FCS2, LPDS pre- 
pared from FCS2, or BSA for 48 h. In figure 2, 
it is shown that after 48 h, apo CIII secretion 
was similar in BSA and in FCSl medium, 
whereas FCS2 inhbited its secretion after 48 h 
of incubation. The difference in secretion 
compared to BSA medium suggests the pres- 
ence of an inhibitor of apo CIII secretion in 
FCS2, since secretion in BSA and FCSl me- 
dium were nearly identical. Furthermore, se- 
cretion of apo CIII by cells cultured in LPDS 
from FCS2 was also decreased, indicating that 
the hypothetical inhibitor is not lipophilic. 

In order to study whether certain FCS 
batches abolished protein secretion by the 
HepG2 cells in general, we investigated their 
influence on the secretion of other apolipo- 
proteins. No major morphologic change can 



100 -1 



80 - 




Fig. 2. Short-term effect of different batches of FCS on 
apo CIII secretion by HepG2 cells. Cells were grown 
for several weeks in FCSl. Cells were subsequently 
incubated with 3 ml of experimental medium contain- 
ing either FCSl, FCS2, LPDS prepared from FCS2 
(LPDS2) or BSA (2 g/1). Results are expressed as ng 
apo CIII secreted per plate and per 24 h. 



be observed when FCS2 was used. Our results 
indicate that the secretion of all other apolipo- 
proteins analyzed was much less affected by 
the nature of the FCS batches whereas apo 
CIII secretion was again abolished by long- 
term culture in FCS2 medium (table 1). Al- 



TabVe 1 . Apolipoprotein secretion 
by HepG2 cells cultured in 
medium containing different 
batches of FCS 



Apolipoprotein 


Secretion in FCSl 
ng/mg/24 h 


Secretion in FCS2 FCS1/FCS2 
ng/mg/24 h ratio 


AI 


3,899 ±491 


1,864±352 


2.09 


B 


2,473±243 


1,344 ±160 


1.84 


E 


610±56 


458±58 


L3 


All 


181±1 


24±2 


7.5 


cm 


63.9±6 


<2 


>31.9 



Cells were grown for several weeks in medium containing either FCSl 
or FCS2. Secretion was measured after 48 h in secretion BSA medium. 
Results are expressed as ng apolipoprotein secreted per 24 h and per mg of 
cell protein. 



Apolipoprotein CIII Secretion by 
HepG2 Cells 
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Fig. 3. Influence of cell density on apo ClU secretion 
by HepG2 cells. Cells were grown in medium with 
FCSl. Medium was removed and 3 ml of the experi- 
mental medium (BSA 2 g/1) was supplied to cells. After 
24 h, experimental medium was analyzed for apo CIII 
concentrations. Values arc expressed as ng apo CIII/ 
plate/24 h. 



though the secretion of certain other apolipo- 
proteins was also decreased when cultured in 
FCS2, their decrease was much less pro- 
nounced being 1.3-fold for apo E, 1. 84-fold 
for apo B and 2.09-fold for apo AI. apo All 
secretion decreased to a much larger extent 
(by 7.5) but was not abolished. Under the 
same conditions, apo CIII secretion decreased 
by a factor which was at least 3 1 .9. 

The nature of FCS used to culture the 
HepG2 cells could therefore limit the use of 
HepG2 cells to study factors regulating apo 
CII secretion. However, our results indicate 
that it is possible to maintain apo CIII secre- 
tion depending of the FCS used. To further 
analyze the effects of cell ctilture conditions, 
we studied the influence of cell density on apo 
CIII secretion. Therefore, cells grown in FCSl 
medium were plated at different densities 



(lO^^-lO^ cells/cm^) and cultured for 24 h in 
the same medium. The medium was then 
removed and the experimental BSA medium 
was added, apo CIII secretion {ng/24 h), mea- 
sured after 24 h, was directly dependent on 
the cell density at the beginning of the experi- 
ment (fig. 3). Thus when expressed as ng of 
apo CIII per mg of cell protein in the plate at 
the end of the experiment (76,88 ± 9.6 ng/mg 
cell protein), apo CIII secretion was constant. 
These results demonstrate that, within the 
limits of the cell density tested in the experi- 
ment, apo CIII secretion is proportional to the 
number of cells and that the measure of the 
protein content at the end of the experiment is 
a reflection of the cell density at the begin- 
ning. Therefore, the following experiments 
were performed using cells cultured in FCSl 
medium and plated at a cell density of 10^ 
cells/cm^. Results are expressed as ng apo CIII 
secreted per 24 h and per mg cell protein mea- 
sured at the end of the experiment. Under 
these well-defined conditions the intra-assay 
reproducibility of the apo CIII secretion mea- 
surement was tested on 15 plates (10^ cells/ 
cm2) and the CV was 18.5%. However, apo 
CIII secretion can vary between experiments, 
and factors regulating apo CIII secretion 
should be tested within the same experiment. 

The assay was then used to test the effect of 
different fibrates on apo CIII secretion. Ther- 
fore, cells were grown in FCSl medium, fol- 
lowed by plating for 24 h in the same me- 
dium, and addition of the experimental me- 
dium which included different fibrates. As 
shown in figure 4a, fenofibric acid, gemfibro- 
zil and Wy- 14643 inhibited apo CIII secre- 
tion, apo CIII mRNA levels decreased in par- 
allel after treatment with the three drugs 
(fig. 4b), the effect being more pronounced for 
Wy-14643. The use of fenofibrate instead of 
fenofibric acid partially impaired the inhibi- 
tory effect on apo CIII secretion probably 
because cells cannot hydrolyze fenofibrate es- 
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Fig. 4. Apo cm secretion and 
mRNA levels after incubation of 
HcpG2 cells with different fibrates. 
Cells were grown in FCSl medium. 
The medium was removed and 
3 ml of the experimental medium 
(BSA 2 g/1 with fibrates at the indi- 
cated concentrations) was supplied 
to the cells. After 24 h, the experi- 
mental medium was analyzed for 
apo cm concentration (a). Results 
are expressed as ng apolipoprotcin/ 
mg cell protein. mRNA levels were 
expressed as a percent of the con- 
trol vehicle-treated cells (b). 




ter in its active acid derivative (data not 
shovm). 

Since cells grown in FCS2 medium did not 
secrete apo CIII, the influence of fibrate treat- 
ment on apo cm secretion could not be deter- 
mined. However, we observed, as shown in 
figure lb, that apo CIII mRNA was expressed 
in cells cultured in FCS2. When these cells 
were treated for 48 h with fenofibric acid 
(500 jiM) or Wy- 14643 (500 ^iM), apo OH 
mRNA levels remained unchanged (respec- 
tively 123 ± 6 and 90 ± 6% of the control 
level in FCS2). By contrast, in the same cells, 
stimulation of apo All mRNA by these fi- 
brates was maintained (respectively 150 ± 8 
and 171 ± 13% of the control level). 

Finally, the influence of a specific PPARy 
activator, the thiazolidinedione BR1^49653 



Apolipoprotcin CiU Secretion by 
HepG2 Cells 



[40, 41], was tested on apo CIII secretion and 
gene expression. Addition of BR1^49653 did 
not decrease apo CIII gene expression and 
secretion at concentrations as high as 30 iiM 
(table 2). Higher concentrations (100 \xM) had 
a toxic effect on the cells. To explain the spe- 
cific effect of PPARa ligands on apo CIII 
secretion, we determined by Western blot 
analysis which PPARs are expressed in 
HepG2 cells (fig. 5). Our results indicate that, 
under the culture conditions used, only 
PPARa but not PPARy protein could be de- 
tected. PPARa is also expressed in HepG2 
cells cultured in FCS2 medium, indicating 
that the decrease of apo CIII secretion by 
these cells was not due to the loss of PPARa 
expression. 
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Table 2. Influence of BRL-49653 
on apo cm gene expression and 
secretion by HepG2 cells cultured 
inFCSl medium 





Control 


BRl-49653 


Wy- 14643 






30 pA/ 


500 iiM 


mRNA level, % of control 


100±4 


118±16 


28±11 


Secretion, ng/ml cell protein 


49±4 


49±4 


24±3 



Cells were grown in medium with FCS 1 then incubated for 24 h in 3 ml 
of the experimental medium (BSA 2 gA) with or without BRL-49653 or 
Wy-14643. Results are expressed as ng apolipoprotein/mg cell protein. 
mRNA was extracted as indicated in Methods and mRNA levels were 
expressed as a percent of the control vehicle-treated cells. 
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Fig. 5. Immunoblotting of HepG2 cellular extracts 
with anti-PPAR antibodies. Cellular extracts from 
HepG2 cells cultured in FCSl or FCS2 were prepared 
as indicated in Methods and submitted to SDS-PAGE 
electrophoresis. After electrotransfer, the nitrocellu- 
lose membrane was incubated either with anti-PPARa 
or with anti-PPARy antibodies. 



Discussion 

Regulation of apo CIII secretion plays a 
major role in the control of triglyceride-rich 
lipoprotein metabolism. HepG2 cells, a hu- 
man hepatoma cell line widely used to study 
hepatic function, are often used to study apo- 
lipoprotein gene regulation and in some cases 
also apolipoprotein secretion. However, in 
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only a few publications apo CIII secretion was 
also analyzed. In the present study we demon- 
strate that apo CIII secretion can be measured 
in culture medium of HepG2 cells, but that its 
secretion is inhibited by the use of certain 
commercial calf serum batches. The mecha- 
nism by which the fetal calf serum regulates 
apo cm secretion is unclear at present. How- 
ever, it does not appear to result in a general 
abolition of apolipoprotein secretion. Indeed 
comparison with other apolipoproteins, such 
apo AI, B, ATI, and E, reveals that the choice 
of the FCS used to grow the cells can affect the 
secretion of all these apolipoproteins but that 
only apo CIII secretion can be abolished. This 
effect is a long-term and irreversible effect. 
Therefore, to study apo CIII secretion it is 
important to carefully select the appropriate 
FCS. Interestingly these data indicate that 
apo CIII secretion is under negative control of 
a nonlipophilic serum factor and that this 
effect can be dissociated from any effect on 
apo B secretion. So, if these hypothetical fac- 
tors play a role in vivo, selective impaired apo 
CIII secretion may interfere with apolipopro- 
tein composition of VLDL and their catabo- 
lism. Therefore, it will be of interest to deter- 
mine the nature of this factor. 

apo CIII is regulated at the transcriptional 
level by a number of biological and pharma- 



Clavey/Copin/Mariotte/Bauge/Chinetti/ 
Fruchart/Fruchart/Dallongeville/Stacls 



IF 


cologics 


|| 


strated : 


if 


kines at 


r 


[131 rep 


r 


ic mice; 


1;. 


depends 


i: 


scriptio- 




CIII ml 


t 


secretio; 


|ii 


demons 


u 


transcri; 




tion bet^ 




ulates aj 




Hypt 


0! 


are larg 




found d 


p 


metaboj 


P 


with slij 


1 


tent anc 


|l: 


These ri 


1 


tion ha^ 




lism of I 




ter subs; 


h 


LDL rei 




action d 




due to i 


||y 


which a 




script ioi 




[17], Ad 




Wy-146| 




marked! 


h 


levels ail 


in contrj 


I;' 


fected bi 


? . 


animal j 




mechanj 




their lip] 


pared t^ 




secret io| 


1 


on hum] 


t- 


results 4 




man. 




extend t| 




mans b^ 



Apolipopn 
HepG2 Cc^ 



1 



Material may be protected by copyright taw (Title 17. U.S. Code) 



I 



cological factors. Gruber et al. [12] demon- 
strated its regulation in HepG2 cells by cyto- 
kines acting via a NFkB element. Chen et al. 
[ 1 3] reported that insulin treatment in diabet- 
ic mice and in HepG2 cells induced a dose- 
dependent down-regulation of apo CIII tran- 
scriptional activity and they assumed that apo 
CIII mRNA levels reflect the synthesis and 
secretion of the protein. Different authors 
demonstrated HNF-4 activation of apo CIII 
transcription [42-45] and a complex interac- 
tion between different nuclear receptors mod- 
ulates apo CIII transcription. 

Hypotriglyceridemic drugs such as fibrates 
are largely used in humans. They have pro- 
found effects on triglyceride-rich lipoprotein 
metabolism. VLDL composition is modified 
with slight decreases in apo B and apo E con- 
tent and an important decrease in apo Cill. 
These modifications in lipoprotein composi- 
tion have a stimulatory effect on the catabo- 
lism of these lipoproteins which become bet- 
ter substrates for LPL [3] and ligands for the 
LDL receptor [10]. The hypotriglyceridemic 
action of fibrates has been shown to be partly 
due to a decrease of plasma apo CIII levels 
which are the result of apo CIII gene tran- 
scription suppression mediated by PPARa 
[17]. Administration of the fibrate derivative 
Wy- 14643 to wild-type mice resulted in a 
marked decrease of hepatic apo CIII mRNA 
levels and serum triglyceride concentrations; 
in contrast, PPARa-deficient mice were unaf- 
fected by Wy-14643 treatment [18]. Although 
animal models are often used to study the 
mechanisms of regulation of Upoproteins, 
their lipid metabolism is very different com- 
pared to humans. So gene regulation and 
secretion of apolipoproteins have to be tested 
on human cells, before extrapolation of the 
results obtained in animals can be made to 
man. Hertz et al. [17] used HepG2 cells to 
extend the results obtained in rodents to hu- 
mans but they only studied apo CIII mRNA 
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levels and did not provide any information 
with respect to apo CIII secretion. Here we 
demonstrate that apo CIII secretion does not 
necessarily correlate with mRNA levels when 
analyzed under inappropriate culture condi- 
tions. Previous studies from our laboratory 
[20] have shown a decrease of apo CIII gene 
expression and secretion by human primary 
hepatocytes. However, human hepatocytes 
cannot be routinely used for screening pur- 
poses. Our results indicate that the human 
HcpG2 cell model can be a suitable system to 
study apo CIII secretion when appropriate 
culture conditions are used. However, apo 
cm secretion should be carefully monitored 
before these experiments are performed. 

In conditions where apo CIII is secreted, 
inhibition of secretion can be obtained by 
fenofibric acid and by other fibric acid deriva- 
tives, such as Wy- 14643. This inhibition is 
due to a transcriptional inhibition. The lack of 
effect of the thiazolidinedione (BRL-49653) 
on HepG2 cells suggests that similar as in 
rodents, in human hepatic cells, apo CIII 
secretion is not regulated via PPARy but via 
PPARa. This hypothesis is strenghtened by 
the presence of PPARa protein in HepG2 cell 
extracts whereas PPARy could not be de- 
tected. 
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Lipoprotein lipase reduces secretion of apolipoprotein E from macrophages. 
Lucas M, Iverius PH, Strickland DK, Mazzone T. 

Department of Medicine, Rush Medical College, Chicago, Illinois 60612, USA. 

Macrophages are a significant source of lipoprotein lipase (LPL) and apolipoprotein E (apo E) in the 
developing arterial wall lesion, and each of these proteins can importantly modulate lipid and lipoprotein 
metabolism by arterial wall cells. LPL and apo E share a number of cell surface binding sites, including 
proteoglycans, and we have previously shown that proteoglycans are important for modulating net secretion 
of apoprotein E from macrophages. We therefore evaluated a potential role for LPL in modulating net 
secretion of macrophage-derived apo E. In pulse-chase experiments, addition of LPL during the chase period 
produced a decrease in secretion of apoprotein E from human monocyte-derived macrophages, from the 
human monocytic THPl cell line, and from J774 cells transfected to constitutively express a human apo E 
cDNA. LPL similarly reduced apo E secretion when it was prebound to the macrophage cell surface at 4 
degrees C. A native LPL particle was required to modulate apo E secretion; addition of monomers and 
aggregates did not produce the same effect. Depletion of cell surface proteoglycans by a 72 -h incubation in 4- 
methylumbelliferyl-beta-D-xyloside did not attenuate the ability of LPL to reduce apo E secretion. However, 
addition of receptor-associated protein attenuated the effect of LPL on apo E secretion. Although LPL could 
mediate removal of exogenously added apo E from the culture medium, detailed pulse-chase analysis 
suggested that it primarily prevented release of newly synthesized apo E from the cell layer. Cholesterol 
loading of cells or antibodies to the low density lipoprotein receptor attenuated LPL effects on apo E 
secretion. We postulate that LPL sequesters endogenously synthesized apo E at the cell surface by a low 
density lipoprotein receptor-dependent mechanism. Such post-translational regulation of macrophage apo E 
secretion by LPL could significantly influence apo E accumulation in arterial vessel wall lesions. 
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Upregulation of low density lipoprotein receptor by gemfibrozil, a hypolipidemic 
agent, in human hepatoma cells through stabilization of mRNA transcripts. 

Goto D, Okimoto T, Ono M, Shimotsu H, Abe K, Tsujita Y, Kuwano M. 

Department of Biochemistry, Kyushu University School of Medicine, Fukuoka, Japan. 

Gemfibrozil reduces the plasmal levels of cholesterol and triglyceride in patients with hyperlipidemia by a 
mechanism that is not well understood. The present study evaluated the effect of gemfibrozil on the LDL 
receptor in human hepatoma cells compared with that of pravastatin, an inhibitor of 3-hydroxy-3- 
methylglutaryl coenzyme A reductase. Exposure to gemfibrozil, 40 mumol/L, for 3 days increased the 
binding of 125I-LDL to the surface of three lines of human hepatoma cell, HepG2, HuH7, and HLE by 1 .5- 1 
2.0-fold. Similar findings were observed with pravastatin. Scatchard analysis with 125I-LDL indicated an 
increased number of LDL receptors on the cell surface of HepG2 cells when treated with gemfibrozil and 
pravastatin. However, the gemfibrozil- treated cells exhibited no increase in the binding of 1251-epidermal 
growth factor (EGF). Gemfibrozil increased the levels of LDL receptor mRNA and protein in HepG2 cells. 
The increase in LDL receptor activity induced by pravastatin was abolished by concomitant administration of 
mevalonic acid, 770 mumol/L. This effect was not seen with gemfibrozil, suggesting the mechanism differs 
for the two lipid-lowering drugs. To detemiine whether this increase in mRNA was due to transcriptional 
activation, we prepared HepG2 cells transfected with an LDL receptor promoter-reporter construct that 
contained a sterol regulatory element. The expression of LDL receptor regulated by the sterol regulatory 
element was increased by pravastatin, but not by gemfibrozil. We evaluated the stability of the mRNA in the 
presence of actinomycin D to explain the increase in the LDL receptor mRNA. Gemfibrozil prolonged the 
half-life of the mRNA for LDL receptor but not that for the EGF receptor. Stabilization of the LDL receptor 
mRNA is suggested to be the novel mode of action of gemfibrozil. 
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Effect of n-3 fatty acids on VLDL production by hepatocytes is mediated 
through prostaglandins. 

Anil K, Jayadeep A, Sudhakaran PR. 

Department of Biociiemistry, University of Kerala, Kariavattom, Trivandrum, India. 

The mechanism of the hypolipidemic effect of n-3 fatty acids was studied using isolated rat 
hepatocytes maintained in culture. EPA and DHA caused a significant reduction in the incorporation 
of 3 [H] -leucine into apoB associated with the VLDL produced by hepatocytes in culture when 
compared to that in presence of palmitic acid. Presence of indomethacin, an inhibitor of cyclo- 
oxygenase reversed the effect of EPA on VLDL synthesis while diethyl carbamazine an inhibitor of 
lipoxygenase did not show any effect suggesting diat the effect of EPA may be mediated through 
prostaglandins. This was further tested by invivo experiments where animals were fed fish oil 
containing diet with and without aspirin, which inhibits formation of prostaglandins. The 
incorporation of 3 [H] -leucine into apo B and 14[C]-acetate into cholesterol of VLDL produced by 
hepatocytes from aspirin treated animals were significantly high. The reversal of the effect of n-3 
fatty acids by agents which inhibit the formation of prostaglandin suggests that the n-3 fatty acids 
may exert their effect on VLDL production by liver cells through prostaglandins. 



PMID: 9415816 [PubMed - indexed for MEDLINE] 



Abstract 



1 



Sort 



WW: 



Write to the Help Desk 
NCBI j NLM 1 NIH 
Department of Health & Human Services 
Freedom o f I nformati o n Act 1 Disclaimer 



.sparc-sun->o!aris2.X Oci 1) 20*) I 11:{)5:50 



http://vmvv^.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubM 10/23/01 



Entrez-PubMed 



Page 1 of 1 



% NCBl 



Publ^ed 



National L, 
I ihrarv 
of Medicine EQuI 



PubMsd 



Proiein 



Search 



PubMed TJ for 



PopSet Tiixonomy 

i Go Clear 



Limits 



Preview/Index 



History 



Clipboard 



OfvJiM Books 



Details 



About Entrez 



Entrez PubMed 
Overview 
Hefp I FAQ 
Tutorial 

NewyNoteworthy 

PubMed Services 
Journai Browser 
MeSH Browser 
Single Cilation Matcher 
Batch Citation Matcher 
Clinical Queries 
UnkOut 
Cubby 

Related Resources 
Order Documents 
NLM Gateway 
Consumer Health 
Clinical Alerts 
ClinicaiTrials.gov 
PubMed Centra) 



Privacy Policy 



; : Display I Abstract 



EI|?*^''L„JJEI^ Save 



Text 



Clip Add 



Order 
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Related Articles, Books, LinkOut 



Decreased secretion of very-low-density lipoprotein triacylglycerol and 
apolipoprotein B is associated with decreased intracellular triacylglycerol 
lipolysis in hepatocytes derived from rats fed orotic acid or n-3 fatty acids. 

Hebbachi AM, Seelaender MC, Baker BW, Gibbons GF. 

Oxford Lipid Metabolism Group, Metabolic Research Laboratory, Nuffield Department of Clinical 
Medicine, University of Oxford, Radcliffe Infirmary, Oxford 0X2 6HE, U.K. 

Hepatocytes from rats fed a chow (control) diet or from rats fed a chow diet supplemented with 
either orotic acid (OA; 1%, w/w) or fish oil (FO; 20%, v/w) were maintained in culture for periods 
up to 48 h. during the first 24 h period, the low rates of output of very-low-density lipoprotein 
(VLDL)-associated triacylglycerol (TAG) and apolipoprotein B (apoB) in hepatocytes from the FO- 
and OA- fed animals were associated with significantly lower rates of intracellular TAG lipolysis and 
re-esterification. Most of the VLDL TAG secreted was mobilized via lipolysis of the intracellular 
TAG pool, but the proportion of VLDL TAG secreted via this route in cells fiom the FO-fed and 
OA-fed animals was decreased compared with that in the control-fed animals' cells. In the presence 
of exogenous oleate the inhibitory effect of OA feeding on VLDL apoB and TAG secretion persisted 
in the derived hepatocytes for up to 48 h following isolation. However, when oleate was absent no 
inhibitory effect on the secretion of TAG and apoB was observed between 24 and 48 h. Under these 
conditions the rate of intracellular TAG turnover retumed to normal. The initial inhibitory effect of 
FO feeding on VLDL TAG and apoB secretion did not persist in the derived hepatocytes between 24 
h and 48 h of culture in the presence of exogenous oleate. Although intracellular TAG lipolysis and 
VLDL TAG and apoB secretion rates appear to be positively correlated, a causal relationship has not 
been conclusively established. 
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Related Articles, Books 



Fish oils and plasma lipid and lipoprotein metabolism in humans: a critical 
review. 

Harris WS. 

Department of Medicine, University of Kansas Medical Center, Kansas City 66103. 

Epidemiological studies in Greenland Eskimos led to the hypothesis that marine oils rich in n-3 fatty 
acids (also referred to as omega (omega)-3 fatty acids) are hypolipidemic and ultimately 
antiatherogenic. Metabolically controlled trials in which large amounts of fish oil were fed to normal 
volunteers and hyperlipidemic patients showed that these fatty acids (FAs) are effective at lowering 
plasma cholesterol and triglyceride levels. Although more recent trials using smaller, more practical 
doses of fish oil supplements have confirmed the hypotriglyceridemic effect, they have shown little 
effect on total cholesterol levels; hypertriglyceridemic patients have even experienced increases in 
low density lipoprotein cholesterol (LDL-C) levels of 10-20% while taking n-3 FA supplements. 
Discrepancies among fish oil studies regarding the effects of n-3 FAs on LDL-C levels may be 
understood by noting that, in the majority of studies reporting reductions in LDL-C levels, saturated 
fat intake was lowered when switching from the control diet to the fish oil diet. When fish oil is fed 
and saturated fat intake is constant, LDL-C levels either do not change or may increase. Levels of 
high density lipoprotein cholesterol have been found to increase slightly (about 5-10%) with fish oil 
intake. Plasma apolipoprotein levels change in concert with their associated lipoprotein cholesterol 
levels. Although the decrease in triglyceride levels appears to resuh from an inhibition in hepatic 
triglyceride sjmthesis, the mechanisms leading to the increases in LDL and HDL have not been 
determined. Finally, fatty fish or linolenic acid may serve as alternative sources of long-chain n-3 
FAs, but further studies will be needed to document their hypolipidemic and/or antiatherogenic 
effects. 

Publication Types: 
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